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1. INTRODUCTION 
Engineers deal with both natural and manufactured granu­
lar materials everyday. Soils and foundation engineers rou­
tinely design foundation systems on sandy alluvium to support 
structures or embankments. They also specify granular materi­
al as a construction material for structural fill, road bases, 
filters, and drainage layers. Granular material is not limit­
ed to soils, however. Engineers often work with particulates 
either as raw material or finished product in processing 
plants. For example, processing ore is based on size reduc­
tion in order to better separate valuable metals from the host 
rock. In cases where an entire formation is mined as the 
finished product (e.g., limestone and coal) size reduction is 
necessary to enhance handling and transportation. But, when 
dealing with very fine powders (e.g., pharmaceuticals, plas­
tics, coal filter cake) the particle size may be increased by 
agglomeration, pelletization, or briquetting to reduce han­
dling problems associated with fine particles. In all of 
these materials, the behavior during handling, transportation, 
compaction, and flow plays varying roles. In other words, the 
mechanical characteristics of the material controls the behav­
ior of the material in different applications. 
Part of the variability in mechanical behavior of partic­
ulate systems stems from the range and frequency of particle 
sizes. Naturally occurring particulates owe their gradation 
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properties to the geologic processes which formed and deposit­
ed them. Depending on the processes, this can result in 
gradations ranging from very uniform to multi-modal to well 
graded. Particulates manufactured from geologic materials owe 
some of their gradation properties to the processes of forma­
tion and deposition of their parent material. These processes 
control the abundance and orientation of fractures, cracks and 
other weaknesses within the parent material which are exploit­
ed during size reduction operations. Different crushing 
operations leave a signature on the resulting material in the 
form of controlled top size and particle size distribution. 
In addition, the environment contributes variations in mois­
ture content that limit or enhance storage, handling, and 
transportation practices. 
Taking the coal fired power industry as an example; coal 
is alternately compacted for storage in stockpiles, reclaimed 
for handling, expected to flow under gravity forces through 
chutes and hoppers, allowed to consolidate under both self 
weight and vibratory forces in bunkers, silos and bins, again 
expected to flow under gravity forces, segregated by size or 
mixed to reduce segregation before finally being pulverized 
for injection into boilers. For these reasons, the compaction 
and shear strength behavior of the coal is of vital importance 
at various points in the handling circuit. 
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As moisture contents fluctuate during handling and stor­
age, the strength and compaction characteristics of the mate­
rial fluctuate as well. In essence, changes in moisture 
content, particle size distribution, or density create a new 
material with a totally different mechanical behavior. Simi­
larly, the range of mechanical behavior in any remolded granu­
lar medium is a function of changes in moisture level either 
during or subsequent to the remolding process. 
1.1 Scope and objectives 
The objective of this research is to investigate the 
effect of particle size distribution on the mechanics of 
remolded, unsaturated, granular materials. The compaction and 
shear strength behavior of the material is explained in terms 
of the effect of the interparticle forces due to the gas and 
liquid phases. This analysis is supported by experimental 
evidence of the interaction and distribution of the three 
phases on the compacted density, the moisture retention capac­
ity, pore size distribution, and shear strength for five 
controlled gradations of sand and silt. 
Further, the effect of the pore phases on the mechanics 
of the material is analyzed in terms of the effective stress 
concept for partially saturated materials. In this analysis, 
the actual pressures in each phase are taken into account when 
explaining the behavior of the material. 
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Finally, the various aspects of the research are drawn 
together to formulate an explanation for the behavior of 
crushed coal during handling, storage, and transportation in 
coal fired power plants. This approach is then used to devel­
op recommendations and strategies to reduce operating problems 
associated with coal handling. 
1.2 Explanation of format 
Chapter two provides a literature review on the subjects 
of effective and total stress modeling of unsaturated materi­
als and an overview of existing compaction theories. Further 
references which are particularly significant to specific 
aspects of the studies are provided in applicable sections. 
Chapters three through seven present five experimental 
and/or analytical studies dealing with the interrelationship 
of moisture, density, moisture tension, pore and particle size 
distribution, and shear strength in unsaturated particulates. 
The results of these studies are synthesized into an empirical 
theory in chapter eight. This is followed by an examination 
of the mechanical behavior of unsaturated, crushed coal in 
light of the conclusions drawn in chapter eight. Chapter ten 
presents the conclusions of this research and recommendations 
for its application and further development. 
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2. REVIEW OF LITERATURE 
2.1 The concept of effective stress 
The concept of effective stresses was first proposed by 
Terzaghi in 1923 to provide a rational basis for describing 
changes in volume and changes in shear strength in soils 
subject to fluid pressures. In 1936, Terzaghi restated the 
principle of effective stress as: 
The stresses in any point of a section through 
a mass of soil can be computed from the total prin­
cipal stresses a,, which act in this point. 
If the voids of the soil are filled with water under 
stress, u, the total principal stresses consist of 
two parts. One part, u, acts in the water and in 
the solid in every direction with equal intensity. 
It is called the neutral stress [or pore water pres­
sure] . The balance = a, - u, - u, 
ffj = aj - u represents an excess over the neutral 
stress, u, and it has its seat exclusively in the 
solid phase of the soil. 
This fraction of the total principal stresses 
will be called the effective principal stress .... 
A change in the neutral stress, u, produces practi­
cally no volume change and has practically no influ­
ence on the stress conditions for failure .... 
Porous materials (such as sand, clay and concrete) 
react to a change in u as if they were incompress­
ible and as if their internal friction were equal to 
zero. All the measurable effects of a change in 
stress, such as compression, distortion and a change 
of shearing resistance are exclusively due to chang­
es in the effective stresses a^, a^, Hence every 
investigation of the stability of a saturated body 
of soil requires the knowledge of both the total and 
the neutral stresses (as cited by Bishop and Blight, 
1963, pp. 177-178). 
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Bishop and Eldin (1950), Bishop (1959), and Skempton 
(1960) have shown that Terzaghi's effective stress expression, 
a = a - u, holds rigorously for both volume change and shear 
strength if the following two conditions are imposed (Bishop 
and Blight, 1963): 
1) The soil grains are incompressible. 
2) The yield strength of the solids, which controls 
both particle to particle contact area and shearing 
resistance, is independent of confining pressure ... 
(178). 
In reality, soils do not fulfill these conditions rigor­
ously. However, in general engineering applications where the 
range of stresses is not great, the differences between ob­
servable and theoretical behavior are so small that they are 
not experimentally evident. Bishop and Blight (1963) proposed 
that the departure of real soil behavior from the conditions 
stated above does not invalidate the principle of effective 
stress. They distinguish between the principle itself and the 
algebraic expressions used to represent the relationships 
between total stress and pore pressures. 
On this basis, the effective stress is, by defini­
tion, that function of total stress and pore pres­
sure which controls the mechanical effects of a 
change in stress, such as volume change and a change 
in shear strength. The principle of effective 
stress is the assertion that such a function exists, 
with determinate parameters, under a given set of 
conditions (Bishop and Blight, 1963, p. 178). 
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2.1.1 Effective stress in unsaturated soils 
Aitchison and Donald (1956) state that an implicit as­
sumption in Terzaghi's effective stress concept as applied to 
unsaturated soils is that the principle of effective stress is 
not invalidated by changes in the physical state of the pore 
fluid or by changes in the degree of saturation as a function 
of the pore pressures. However, Terzaghi's equation, as 
originally written, assumes that the pore pressures act equal­
ly over the entire plane of interest. This is not the case in 
partially saturated soils where both water and air pressures 
act on different areas. Aitchison (1960a) advocated that the 
effective stress could be calculated if the water phase is 
treated differently depending on the nature of the pore water 
geometry. 
Aitchison (1956) further proposed that unsaturated soil 
be defined as soil, which at a specific condition of external 
stresses, can absorb air-free water supplied at atmospheric 
pressure. This would include three phase (gas, liquid, solid) 
soils, and saturated swelling soils which can increase their 
void volume at constant external stress and atmospheric pres­
sure. It would not, however, include soils with large pores 
which are drainable under atmospheric conditions such as 
permeable, crushed stone, base courses. 
In order to clarify the terminology used to describe the 
concept of equivalent pore pressures in unsaturated soils. 
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Croney and Coleman (1960) promoted using suction to describe 
the pressure deficiency in an unsaturated soil sample free 
from external stresses. The equivalent negative pore pressure 
was then defined as the pressure deficiency existing at the 
stress regime relevant to the situation under consideration. 
Matyas and Radhakrishna (1968) stated that any form of an 
effective stress equation should be able to satisfy: 
(a) the boundary cases for full saturation and for 
a completely dry state. 
(b) the behavior (volume change and shear strength) 
of a soil element exposed to a change in stress 
should be predictable in terms of effective 
stresses and should be independent of the man­
ner in which the total stresses and the pore 
pressures change. 
(c) the correctness of the form of such an effec­
tive stress equation should be verified experi­
mentally (434). 
2.1.2 Unsaturated effective stress equations 
Bishop and Eldin (1950), introduced an equation for the 
computation of effective stress in unsaturated soils; 
â - o - - u„) (2.1) 
where a is the effective normal stress, a is the total normal 
stress, Ug is the pressure in the gas phase, u^ is the pressure 
in the liquid phase, and X is a proportionality parameter. In 
this form, two stress state parameters (a - u^ and u^ - u^) as 
well as one material state parameter (X) provide the basis for 
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analysis of experimental results. It is generally agreed that 
this form of the effective stress equation provides a practi­
cal basis for defining those stress state parameters which 
have proved most useful in interpreting experimental results. 
Skempton (1960) proposed that Bishop's equation be re­
stated as: 
o' - O - [U3 + X(Ua - U^)] (2.2) 
which could be written as: 
o'- G -6% ' Uy (2.3) 
where, 
^ - 1 + (1 - X) (2.4) 
Uw 
Therefore, u^ could be considered as an equivalent pore 
pressure. 
Fredlund (1979) suggested that the traditional view of 
unsaturated soil as a three phase system be amended to include 
the liquid-gas interface as a fourth phase and that the effec­
tive stress equation be modified to include this term. Allam 
and Sridharan (1987) also proposed a more comprehensive effec­
tive stress equation which included terms for the contribution 
of the liquid-gas interface as well the osmotic pressure. 
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2.1.3 Limitations to the effective stress equation 
Aitchison (1960a) cautioned against trying to reconcile 
effective or intergranular stress at the microstructure level 
with the mechanistic or macrostructure level. He suggested 
that effective stress in unsaturated soils be redefined as the 
combination of three phase stresses necessary to cause a 
change in the shear strength or volume of a soil equivalent to 
that of an externally applied effective stress in a saturated 
soil. 
Jennings and Burland (1962) argued that the principle of 
effective stress could not explain cases of collapse or swell 
in unsaturated soils and that the expressions for effective 
stress had to be limited to application in certain ranges of 
saturation only. They further suggest that the structural 
changes in unsaturated soils due to changes in suction are 
very different from the structural changes due to consolida­
tion by external loading. 
Griffiths and Joshi (1989) present the results of Mercury 
Intrusion Porisimetry investigations on samples consolidated 
to different stress levels in an odometer which indicate that 
the pore structure is not brittle, but that collapse of large 
pores occurs in increments. Griffiths and Joshi (1989) went 
further, using a double intrusion technique, and conclude that 
increases in the external consolidation stress do not tend to 
create aggregation of clay particles; rather, the increased 
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consolidation is the result of reduction of the interaggregate 
pore volume. In their discussion of Griffith and Joshi's 
work, Nagaraj et al. (1990) generally support the authors' 
conclusions but add that dehydration can cause a reduction in 
very fine pore volume. They suggest that this is due to 
higher suction pressures in very fine pores than can be 
achieved in conventional consolidation tests, 
Aitchison (1956) shows that highly compressible soils 
(mainly clays) can exhibit large void ratio changes as mois­
ture is removed, and yet remain almost completely saturated. 
Aitchison and Donald (1956) further demonstrate a functional 
relationship between void ratio and pressure deficiency in 
high clay content soils which remain saturated while exhibit­
ing high degrees of shrinkage. 
In incompressible soils (sands) which exhibit no volume 
change, only drainage, as suction increases, the pressure 
deficiency can be stated as a function of the saturation level 
and the initial density (Aitchison, 1956). In these soils, 
the maximum suction generally occurs at saturation levels near 
10% and exceeds 1000 kPa (Aitchison and Donald, 1956). The 
moisture characteristic curve in this case represents the 
initial pore size distribution of the soil (Aitchison, 1956). 
Aitchison (1956) concludes that for a moisture character­
istic curve to be useful in soil mechanics applications, such 
information as the stress-strain characteristics dependent on 
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the circumstances of desaturation must be included. Thus, in 
most naturally occurring soils, the saturation level, pressure 
deficiency, and void ratio of the soil are mutually dependent 
(Aitchison and Donald, 1956). 
Jennings and Burland (1962) conclude that the occurrence 
of collapse and heave in soils cannot be explained in terms of 
effective stresses. They propose that there is a "critical" 
saturation level below which the effective stress law is not 
valid and that this limiting saturation level can be correlat­
ed to the particle size of the soil. In their observations, 
collapse will not occur upon wetting for materials compacted 
above saturation levels of 20% for crushed rock (-3/8" to +48 
mesh), to 45 to 60% for sandy silts and silts, to 90% for 
silty clays. The argument for these conclusions stems from a 
series of double odometer and isotropic consolidation tests 
conducted by Jennings and Burland. 
2.1.4 Major engineering problems in unsaturated materials 
Jennings (1960) listed the following as major engineering 
problems associated with unsaturated soils which can not yet 
be predicted with any accuracy: 
a) The magnitude and time rate of settlements due 
to the compressibility of the air phase. 
b) The time rate of heave due to swelling of des­
iccated clays. 
c) The time rate and physical mechanism of settle­
ment due to collapse of sands and silts under­
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going saturation. Here, time rate can not be 
predicted, however, collapse is usually instan­
taneous . 
d) Variations in soil shear strength due to vari­
able moisture content over the life of a struc­
ture. 
2.2 Total stress models of strength in unsaturated material 
Research into the interaction of three phase (solid, 
liquid, gas) systems originally grew out of work done in soil 
science to explain moisture holding capacity of agronomic 
soils. Recognition of the importance of these findings by 
soils engineers led to the development of the effective stress 
theory for unsaturated soils. However, this theory was pre­
ceded by total stress theories in which the bonding effect of 
the liquid phase was simply added to the frictional resistance 
of the solid phase and incorporated in the cohesion term of 
Coulomb's shear strength equation: 
T - c + a tan(|) (2.5) 
where T is the shear strength, c is cohesion, <p is the angle 
of internal friction, and tan# is the coefficient of friction. 
In the total stress approach cohesion becomes a function of 
moisture level rather than an inherent property of the materi­
al and is therefore commonly referred to as "apparent" cohe­
sion. 
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The branches of chemical and mechanical engineering which 
are involved in designing systems to handle industrial partic­
ulates and in developing agglomeration, briquetting, and 
pelletization processes originally drew on the total stress 
theory developed by soil mechanics and agronomy researchers. 
However, the close ties among the three disciplines which are 
evident in pre-1950's literature are not evident in more 
recent research. Where soil mechanics researchers turned to 
the effective stress concept in order to describe the mechan­
ics of unsaturated materials, researchers in industrial powder 
and particulate applications turned to elaborate micromechan-
istic models of shear strength. These models predict the 
apparent tensile strength caused by the negative pressures in 
the moisture and incorporate this tensile strength into equa­
tion 2.1 as part of the apparent cohesion. 
Just as Bishop, Aitchison, Coleman and others pioneered 
the effective stress concept for unsaturated soils, Rumpf 
(1958, 1962), Rumpf and Turba (1964), Newitt and Conway-Jones 
(1958), and Schubert (1975, 1984) have led the way in total 
stress modeling. The basic premise in these models is that 
the bonding forces between particles due to moisture tension, 
solid interlocking, viscous binding, short range electrical 
forces, and cementation of chemical precipitates create a ten­
sile strength in the material. This tensile strength is the 
normal stress intercept of the Mohr-Coulomb relationship in 
15 
Shear 
Stress Friction Angie (0) 
Apparent Cohesion (c) Compression Tension 
Normal Stress (a) Tensile 
Strength 
Intercept 
Mohr - Coulomb 
Failure Envelope 
Figure 2.1 Total stress representation of the Mohr-Coulomb 
failure criterion for unsaturated granular media 
Figure 2.1. The magnitude of the tensile strength directly 
affects the shear strength of the material under compressive 
normal stresses and can be related to the apparent cohesion 
(Fig. 2.1). Because the tensile strength is a function of the 
amount of moisture in the material, the shear strength becomes 
a function of the moisture content, with different Mohr enve­
lopes for each moisture content. This necessitates experimen­
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tal determination of separate Mohr envelopes for each moisture 
content (Jenike, 1961 and 1964) . 
In application, these tensile strength models depend on 
many of the relations developed to relate gradation, coordina­
tion number, and packing geometry described in the next sec­
tion. From these, idealized geometries of the microstructure 
are developed and statistical theory is used to expand the 
basic, interparticle force equations from the micromechanical 
to macromechanical scale. In final form, the models become 
functions of the following primary variables: particle size 
and shape, porosity, and moisture content. In addition to the 
models of Rumpf and Schubert, other similar models have been 
developed by; Ashton et al. (1965), Cheng (1968), Kofiova and 
Pilpel (1973), Shinohara and Tanaka (1969; reported by Schu­
bert, 1975), and Tsunakawa and Aoki (1972). 
2.3 Packing density in dry materials 
Considerable effort has gone into the study of the pack­
ing state of dry, granular materials. Theoretical studies of 
ordered packing of monosized spheres were conducted by 
Manegold, Hoffman, and Solf (1931), Manegold and von 
Engelhardt (1933), and Graton and Fraser (1935). These stud­
ies established relationships between porosity, packing mode, 
and number of contacts between particles (coordination num­
ber) . 
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The results of these studies are confirmed by experi­
mental studies of monosized lead, steel, and bronze balls 
conducted by Westman and Hugill (1930), and Macrae and Gray 
(1960 reported by Gray, 1960). These studies also established 
empirical relationships between porosity and coordination 
number for randomly ordered systems that allow interpolation 
and limited extrapolation of the results to other systems. 
McGreary (1961) experimentally investigated the effect of 
size on the packing density of monosized spheres and found 
that decreasing size decreased the poured, or loosest possi­
ble, density of the system. Decreasing size was also shown to 
influence the final, vibrated density of the system because of 
the effect on initial packing density. The explanation is 
that the decreased size of the individual particles increases 
the surface area of the system, making the adhesion and frac­
tional properties of individual particles more pronounced. 
Carman (1938) and Coulson (1949) extended the experimen­
tal data base with their work in non-spherical, monosized 
systems. Evans and Millman (1956) and Orr (1966) showed that 
non-spherical particles exhibited looser packing arrangements 
in cascaded deposition but attained denser packing arrange­
ments than spherical particles when subjected to vibration or 
pressure. 
Andreasen and Andersen (1930), White and Walton (1937), 
and Heywood (1946 reported by Gray, 1960) extended the theo­
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retical work done on packing density by studying the effects 
of particle size distribution. These efforts provided various 
relationships between void volume and multimodal mixtures of 
monosized particles. They did not produce general relation­
ships describing density in continuous particle size distribu­
tions which occur in nature or in most industrial production 
of particulates. 
These studies were enhanced by the experimental work of 
Bell (1958), McGreary (1961), Linger (1963), Bo, Freshwater, 
and Scarlett (1965), and Ayer and Soppett (1965 and 1966). 
These researchers worked with multimodal mixtures of both 
spherical and nonspherical particles. The emphasis in most of 
these studies was to determine parameters for production of 
industrial particulates with optimum packing properties. 
Again, the results did not produce general relationships which 
could be used to predict density from particle size distribu­
tion information due to the immense number of variables which 
affect the relationship between.particle size distribution and 
density. 
The previously mentioned research has provided some 
specific equations applicable to very specific materials and 
gradations. Despite the lack of a general, predictive model, 
there is agreement that particle size distributions where each 
consecutively smaller mode of particles has a diameter approx­
imately the square root of the diameter of the next larger 
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mode produce the maximum achievable packing density. The 
general form of this relation is; 
•(I) (2 .6 )  
Where P is the percentage of the total mass finer than any 
particle diameter, d, for a gradation with a maximum size 
particle, D, and a gradation exponent, n. This is generally 
referred to as the Talbot equation (National Stone Assoc., 
1991). The value of the exponent defines the curvature of the 
gradation. Values of n less than 0.5 indicate highly distrib­
uted particle sizes, while values approaching 1.0 produce very 
uniform gradations. Gradations with exponent values of ap­
proximately 0.5 achieve higher packing densities than grada­
tions with higher or lower exponent values. However, the 
actual magnitude of the packing density can not be predicted 
from this equation. 
2.4 Packing density in partially saturated soils 
Proctor (1933) observed and described the relationship 
between soil density, moisture content, and compactive energy 
in which the maximum packing density occurs at some interme­
diate moisture content between the dry and saturated states. 
To date, this relationship must be empirically derived for 
each material to determine optimum packing density. Proctor 
concluded that capillary forces in the moisture at contact 
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points caused increased frictional resistance between grains 
and that this caused the reduction in density seen at low 
moisture contents. Importantly, Proctor's theory regarding 
the influence of capillary forces predates the effective 
stress principle in unsaturated materials. Mistakenly, he 
placed more emphasis on the theory that the liquid at high 
moisture contents acted as a lubricant and thus increased the 
packing density. It is now recognized that nonclay minerals 
like quartz actually have higher sliding friction wet than dry 
(Horn, 1960). 
Hogentogler (1936) postulated that liquid, adsorbed to 
solid particles, decreased in viscosity with increasing dis­
tance from the solid (increasing moisture content). This 
variation in fluid viscosity was assumed to explain decreased 
shearing resistance with increasing moisture content up to the 
maximum packing density. At moisture contents above that of 
the maximum packing density, Hogentogler depended on the 
lubrication theory to describe reductions in density. 
Lambe (1960) introduced a theory based on the surface 
chemistry of the clay fraction of the soil. This theory was 
founded on assumptions of the variation in electrolyte concen­
tration in soil moisture and the effect this variability would 
have on the short range attractive and repulsive forces of the 
clay surfaces. This theory explained the shape of the mois­
ture-density curves for some, but not all, clayey soils. 
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Olson (1963), in concluding a detailed review of these 
and other compaction theories, states that each theory was 
reasonably consistent with the state of knowledge at the time. 
Advances in supporting fields of science exposed limitations 
in each theory which were not apparent at the time they were 
developed. In addition, none of the theories were subjected 
to rigorous experimental validation, nor were they extended to 
explain variability in shearing strength or stress-strain 
behavior. 
Olson (1963) proposed an effective stress theory of 
compaction which takes into account variations in pore water 
and pore gas pressure, confining and shear stresses, and 
compaction energy for kneading and impact compaction. In 
summary, the theory states that during impact of the compac-
tive force, the increase in pore pressures reduce the strength 
of the material, allowing densification. This continues until 
the increases in residual (that remaining after removal of the 
compacting force) total lateral stresses, residual negative 
pore pressure, and shear stresses between layers have in­
creased the effective stress state in the material to a degree 
that additional impacts cause only minor, local densification. 
As moisture content is increased, the decrease in air 
permeability due to the decreasing continuity of the gas phase 
causes significant gas pressures to develop. Olson proposes 
that the saturation level at which maximum density is attained 
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is equivalent to the state at which the gas phase becomes 
discontinuous and the gas permeability becomes zero. These 
high gas pressures then resist the impact stresses causing 
maximum attainable density to occur at less than full satura­
tion. 
Olson's theory is qualitative, presenting a mechanistic 
explanation of the compaction process, based on existing 
scientific knowledge. The theory was not subjected to rigor­
ous experimental validation, nor is it a predictive model of 
attainable density. As with Proctor's original theory, the 
actual moisture-density relation must be determined experi­
mentally for each material. 
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3. MOISTURE-DENSITY RELATIONS IN SAND; EXPERIMENTAL RESULTS 
3.1 Introduction 
A considerable body of research has been published on the 
relation between maximum achievable packing density and parti­
cle size distribution. Most of this research has been con­
ducted for the completely dry state. Those studies which have 
addressed the effect of moisture on the packing density of 
particulates have been aimed at special situations, not at 
general or fundamental relationships. The objective of this 
phase of the study was to explore the interrelationship of 
moisture and density for five single curvature gradations. 
The parent materials, test procedures, and maximum particle 
size were held constant in order to limit the number of inde­
pendent variables to moisture content, and particle size 
distribution. 
A further objective of the study was to gain insights 
into the phenomenon commonly referred to as "bulking" in 
relation to the effective stress law. The results are pre­
sented and discussed phenomenalogically in this chapter. The 
effective stress analysis is discussed in chapter six. 
3.2 Materials 
A single curvature, power function was chosen for the 
experimental particle size distributions. The function chosen 
was 
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where P is the cumulative fraction of material finer than a 
particle diameter, d, for a material with a maximum size, D. 
The maximum particle diameter was held constant at 4.75 mm in 
this study. The exponent, n, was the major independent vari­
able of interest in this research. 
The sand (0.75 to 4.75 mm) fractions of the different 
gradations used in this experimental work were prepared from 
commercially available concrete and mortar sands of fluvial 
origin. The grains vary in shape from subrounded to well 
rounded according to Pettijohn's 1949 classification provided 
in Lambe and Whitman (1969). 
The power function gradations chosen for this work re­
quire larger quantities of very fine sand and silt (-0.15 mm) 
than were practical to prepare from the commercial sands. 
These fines were produced from western Iowa loess. The clay 
fraction was separated by cyclic sedimentation to remove clay 
chemistry and mineralogy from the list of potential variables 
in this study. The major mineral constituent in the fine 
material is quartz with small amounts of calcium carbonate, 
dolomite and feldspar (Badger, 1972). The particles are 
generally subangular to subrounded in shape. 
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3.2.1 Gradation preparation and control 
Each gradation was constructed from the silt and sand 
fractions to exponent, n, values of: 0.2, 0.4, 0.5, 0.6, and 
0.8. All gradations were truncated at the 0.002 mm particle 
size as a result of the removal of the clay fraction. Figure 
3.1 presents the target cumulative particle size distribu­
tions. 
A sieve analysis of each gradation was conducted (ASTM 
C-136) prior to testing to verify that each gradation met the 
experimental design criteria. Acceptance was based on a 95% 
Cumulative Percent Finer for P = (d/D)" 
100% 
80% 
60% 
40% 
20% 
0% 
0.001 0.003 0.01 0.03 0.1 0.3 1 3 10 
Particle Diameter (d), mm 
Figure 3.1 Target gradations used in this study 
Gradation exponent, n 
n = 0.2 
n = 0.4 
n = 0.5 
n = 0.6 
n = 0.8 
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confidence interval for the gradation exponent as obtained by 
linear regression of the logarithmic transform of equation 
3.1. 
Because of the difficulty in producing silt sized materi­
al, samples one and one-half to two times the size required 
for testing were constructed. Repeated testing of samples 
introduced the possibility of sample degradation and loss of 
fines during testing. A sieve analysis of the n = 0.4 grada­
tion was conducted after testing to verify the gradation. The 
post testing gradation deviated slightly from the original 
gradation. As a result, checks of the amount of #50 and #200 
mesh (U.S. Standard Sieve Series) material were conducted 
between every second test and compared to the target grada­
tions to provide quality control. The gradations with expo­
nents of 0.5, 0.6, and 0.8 did not exhibit loss of coarse 
particles or fines during testing. The n = 0.2 gradation, 
however, exhibited loss of coarse material following testing 
at the hygroscopic moisture level. This sample was therefore 
regraded prior to continued testing. Following the first two 
tests at higher moisture contents, loss of fines became appar­
ent in this gradation. It was thereafter necessary to regrade 
the sample between tests to maintain an exponent of 0.2 for 
the gradation. 
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3.2.2 Impact of gradation variance 
Table 3.1 presents the results of statistical analyses 
conducted on the gradation results to evaluate the variance of 
the gradation exponents before and after testing. The grada­
tion exponent for each gradation was determined by linear 
regression of the logarithmic transformation of equation 3.1. 
A t-test was then performed for each gradation with the null 
hypothesis that the slope determined by linear regression was 
equal to the target gradation exponent. Table 3.1 shows that 
the null hypothesis was only rejected at the 5% significance 
level for the 0.4 gradation. Further analysis of the 0.4 
gradation indicates that it can be considered significant at 
the 5% level for the average exponent (before and after test­
ing) of 0.3775. The 95% confidence intervals for all grada­
tions are also shown in Table 3.1. 
For ease of terminology, the gradations will be referred 
to by the target exponents. The actual values used for analy­
sis will be those values shown in Table 3.1 which are not 
rejected at the 5% significance level. 
3.2.3 Particle density 
The specific gravity of each gradation was measured 
according to ASTM D-854. Three tests were conducted on each 
material and show that all gradations have a specific gravity 
of 2.69. The standard deviation for all tests was ±0.013. 
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Table 3.1 Analysis of gradation variance 
Target Null Reject at 5% 95% 
Exponent Hypothesis Significance Confidence 
Level? Interval 
0 . 2  n O
 
to
 
No 0 . 1 9 2  ±  0 . 0 1 4  
0 . 2  n = 
CM O
 No 0 . 2 0 9  ±  0 . 0 1 9  
0 . 2  n o
 
to
 
No 0 . 2 2 4  ±  0 . 0 4 0  
0 . 4  n = 0 . 4  Yes NA 
0 . 4  n 0 . 3 7 7 5  No 0 . 3 5 5  ±  0 . 0 2 4  
0 . 5  n = 0 . 5  No 0 . 4 9 1  ±  0 . 0 3 9  
v
o
 o
 n 
v
o
 o
 No 0 . 5 8 5  ±  0 . 0 3 9  
CO o
 n 
CO o
 No 0 . 8 1 0  ±  0 . 0 2 1  
ASTM acceptance criteria for noncohesive soils are not avail­
able; however, a single operator acceptance criteria for 
cohesive soils of 0.021 is reported in the ASTM standard. 
This criterion can not be ascribed to the materials in this 
study; however, the magnitude of the standard deviation is 
reasonable in light of the value reported for cohesive soils. 
3.3 Testing procedure 
Maximum and minimum index density tests were conducted 
according to ASTM methods D-4253 and D-4254 respectively. The 
test methods are described in sections 3.3.1 and 3.3.2 and in­
sured a constant, reproducible, experimental standard for 
comparison of results. 
The following terminology will be used to differentiate 
various densities in subsequent sections. Minimum index 
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density, is the minimum density attained under index or 
standard conditions according to ASTM D-4254. This is the 
lowest, poured density attainable in the completely dry state. 
Maximum index density, is the maximum density attained 
according to ASTM D-4253. This is the maximum density associ­
ated with standard vibratory compaction in either a dry or 
completely saturated state. Relative density, D^, is a mea­
sure of the dry density, p^, of any material expressed as a 
percentage of the range in maximum and minimum index densi­
ties. Relative density can be calculated as: 
n - P dmax (P d " P v 1 nn 
" Pd(P^- PdwJ 
(3.2) 
- ® X 100 
®inax ~ ®min 
in terms of either dry density, p^, or void ratio, e. Table 
3.2 provides a classification of relative density for granular 
soils. An intermediate density is any density between the 
maximum and minimum index densities. An intermediate moisture 
content is any moisture content greater than zero which pro­
duces less than full saturation. The minimum bulking density 
is the lowest density of a material due to bulking. Bulking 
is the phenomena of low density occurring at intermediate 
moisture contents under the same compaction energy which 
produces maximum index density. 
30 
Table 3.2 Relative density classification 
Relative Density (%) Description 
0 - 15 Very Loose 
15 - 35 Loose 
35 - 65 Medium 
65 - 85 Dense 
85 - 100 Very Dense 
3.3.1 Minimum index density tests 
ASTM D-4254 minimum index density tests consist of deter­
mining the lowest density attained by the material in an oven 
dry state when placed loosely in a rigid mold. Method A, the 
preferred standard, was used throughout this study. This 
consists of gently pouring material into the density mold from 
a height of 13 mm above the surface of the sample until the 
mold is filled 6 to 13 mm above its rim, striking off the 
excess material, and measuring the weight of material in the 
control volume. Compliance with the standard has been shown 
to produce a standard deviation in multilab precision of 
±0.027 g/cc for fine sands with an acceptable range of two 
results of 7.0% of the mean value. Single operator precision 
is reported as 0.008 g/cc standard deviation and an acceptable 
range of two results as a percentage of the mean of 1.9%. A 
minimum of three tests were conducted on each material. The 
maximum range in results was 0.51%. 
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3.3.2 Maximum index density tests 
ASTM D-4253 maximum index density tests consist of vi­
brating a sample in a rigid mold for a specified length of 
time under controlled vibration and surcharge conditions in 
both the oven dry and fully saturated states. For the elec­
tromagnetic, vertically vibrating table used in this study (a 
Syntron Vibrating Table, FMC Corporation), the standard calls 
for vibration at 60 Hz at a double amplitude of 0.33 ±0.05 
millimeters for 8 ±0.25 minutes. The surcharge applied to the 
sample was 14 kPa. 
Testing fine sands in compliance with the specifications 
produces a standard deviation in multilab precision of ±0.038 
g/cc with an acceptable range of two results of 8.3% of the 
mean value. Single operator precision is reported as 0.013 
g/cc standard deviation with an acceptable range of two re­
sults of 2.7% as a percentage of the mean. Replicate tests 
conducted during this study yielded a maximum difference of 
1.0%. 
3.3.3 Modifications and additions to the standards 
The greatest departures from standard methods occurred 
while determining maximum index density. ASTM D-4253 requires 
tests on oven dried samples. The minimum moisture content at 
which the n = 0.4 and 0.5 gradations were tested was air dry 
(approximately 0.3%). Oven dry maximum density for these two 
gradations was extrapolated from the nonlinear, least squares 
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regression equation for the relationship between moisture con­
tent and dry density, discussed in section 3.3.5 and summa­
rized in Table 3.3. A comparison of the predicted and mea­
sured dry densities at zero moisture content for the other 
three gradations showed a maximum percentage difference (based 
on the measured value) of 2.64%. If we treat the least 
squares regression values as separate test values, this maxi­
mum percentage difference is acceptable since it is within the 
acceptable single operator precision range of 2.7%. The 
extrapolated values of maximum density for the n = 0.4 and 0.5 
gradations were therefore used in determining relative densi­
ty. In addition, because the focus of this research is to de­
scribe the full moisture-density relationship, tests at inter­
mediate moisture contents were conducted to investigate the 
behavior between the oven dry and saturated states. 
The amount of material chosen for moisture content deter­
mination was varied depending on the operator's qualitative 
observation of moisture distribution within the sample after 
testing. For evenly distributed moisture conditions, a verti­
cal core sample of approximately 150 to 200 grams was taken 
from the center of the mold for moisture content determina­
tion. For stratified or otherwise nonuniform distribution of 
moisture, the entire sample was used for moisture content 
determination, as per the ASTM D-4253, wet method specifica­
tion. 
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3.3.4 Calibration of equipment 
The volume of the mold was checked by the direct measure­
ment method (ASTM D-4253) and found to be 2831 cm^, compared 
to the nominal volume of 2830 cm'; well within the specified 
tolerance of ±1.5%. 
The double amplitude of vibration (maximum to minimum 
vertical displacement) of the vibratory table was calibrated 
to 0.33 ±0.05 mm. This was done by setting a cathetometer 
outside of the range of vibration, focused on the tip of an 
upright bolt welded to the center of the vibrating table. A 
bright light was focused on a black line painted on the tip of 
the bolt. At rest, the cathetometer was focused on the black 
line and adjusted so that the horizontal cross hair covered 
the line. The table was then turned on and the cathetometer 
was raised until the line could no longer be seen vibrating 
above the cross hair. The difference between the initial and 
final readings was then recorded. This same procedure was 
duplicated to find the lower bound of vertical displacement. 
The upward and downward displacements were summed to yield an 
estimate of the double amplitude. This procedure was per­
formed for the entire range of amplitude settings on the 
table's control box. The results for the range of interest 
are shown in Figure 3.2. Also shown in this figure is the 
allowable range of operating double amplitude. Even with the 
scatter associated with the crude method of calibration, it is 
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Figure 3.2 Calibration results for double amplitude control 
setting 
apparent that a setting of seven on the amplitude control 
provides a double amplitude within the acceptable range. This 
setting was held constant throughout all testing. No attempt 
was made to ascertain the optimum double amplitude for any of 
the gradations, since a single, standard method was sought to 
minimize testing procedure variability. 
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3.3.5 Nonlinear least squares regression 
To facilitate analysis of the moisture - density rela­
tionship, the data were fitted with a third order polynomial 
using nonlinear least squares regression with moisture content 
as the independent variable. The equation used was of the 
form: 
where is the i*'' dry density (g/cc) calculated from the i*h 
moisture content (w,-) / and A, ^  are the regression parameters. 
A program based on the subroutine UNCMND, (Kahaner, Moler, and 
Nash, 1988) was used to minimize the function: 
where the predicted dry density is from equation 3.3. 
3.4 Presentation of results 
Figure 3.3 presents the results of the modified maximum 
density-moisture content tests for the five gradations. The 
left ordinate displays the dry density and the right ordinate 
shows void ratio. Individual data points are grouped by 
gradation exponent as shown in the legend. The boundary line 
in the upper right quadrant of the figure is the zero air 
voids (ZAV) curve, or line of 100% saturation, based on a 
Pdj " -^1 * ^2^ i + -^3 W J + ^4 W J (3.3) 
^aeasuredi (3.4) 
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Figure 3.3 Results of maximum density testing for the five 
gradations 
specific gravity of 2.69. The lines drawn through the data 
are calculated from equation 3.3 using the parameters generat­
ed by non-linear regression. The four curve fitting parame­
ters (A, and the least squares residuals generated for each 
of the five gradations are presented in Table 3.3. 
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Table 3.3 Results of least squares regression 
Target Ai Ag A3 A4 Sum of 
Exponent Squares 
o
 
to
 
1.9704 -14.920 174.46 -533 0.00303 
0.4 2.2611 -27.653 467.14 -1991 0.01030 
0.5 2.3480 -36.682 774.39 -4234 0.00340 
vo o
 2.2458 -23.661 442.16 -1686 0.00603 
CO o
 2.1110 -7.426 5.03 1199 0.00054 
Figure 3.4 shows the relationship between the relative 
density of the material (in terms of the ASTM maximum and 
minimum index densities) and the saturation level. Saturation 
level normalizes the interaction of void ratio and moisture 
content. Relative density normalizes the magnitude of density 
or void ratio when assessing differences in material and 
gradation. Data points are grouped according to gradation and 
have the same symbols as in Figure 3.3. The lines drawn 
through the data are not regression lines; they are smooth 
curves drawn by the author. Superimposed on this figure is 
the classification of Table 3.2. Density classes are separat­
ed by dashed, horizontal lines. 
3.5 Discussion 
It is immediately obvious from Figure 3.3 that the 0.2 
exponential gradation exhibited consistently lower dry densi­
ties (higher void ratios) than any other gradation. This 
gradation also had the highest percentage of fine material. 
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Figure 3.4 Relative density versus saturation for the five 
gradations under conditions of maximum index density 
compaction 
A total of twenty tests were conducted on the n = 0.4 
gradation (the first material tested) in order to provide a 
very clear picture of the trends to be expected in subsequent 
materials. Thereafter, larger moisture content intervals were 
chosen to expedite testing. Of particular interest in Figure 
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3.3 are the two n = 0.5 data points which lie on the zero air 
voids line and the nine n = 0.4 gradation tests conducted at 
moisture contents in excess of 9%. These tests, although 
saturated, show a decrease in density with increasing moisture 
content. This corroborates the caution stated in ASTM D-4253 
that the wet method of determining maximum index density 
requires substantial care. It is not enough to prepare and 
test a saturated specimen. The sample must be brought just to 
the point of saturation; further increases in moisture content 
create excess void space since excess water is unable to drain 
due to the construction of the test mold. 
Both Figures 3.3 and 3.4 demonstrate the bulking phenome­
na for all five gradations. At intermediate moisture con­
tents, the compacted dry density is much less than at either 
end of the saturation spectrum. Figure 3.4 especially illus­
trates how drastic a reduction in dry density can occur due to 
bulking, with densities falling into the loose to nearly, very 
loose classifications. This figure also shows that, with the 
exception of the n = 0.8 gradation, the greatest reduction in 
dry density occurs in a very narrow range of saturation lev­
els. 
3.5.1 Maximum index density 
According to the commentary in ASTM D-4253, the oven dry 
index density attained by this method is not necessarily the 
maximum attainable dry density. In some materials maximum dry 
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density can occur at full saturation. In this study, maximum 
dry density was obtained in the oven dry state for the 0.2, 
0.4, and 0.5 exponential gradations and at saturation for the 
0.8 exponential gradation. The 0.6 gradation exhibited almost 
exactly the same dry density at both oven dry and saturated 
moisture contents. 
Table 3.4 presents a comparison of the measured dry 
densities and those predicted by equation 3.3 with the parame­
ters in Table 3.3 for the five gradations at both zero mois­
ture content and full saturation. It also presents the mini­
mum index densities determined according to ASTM D-4254. 
Table 3.4 Measured and predicted maximum and minimum 
dry densities (g/cc) 
Target 
Expo­
nent 
Maximum 
Oven Dry 
Density 
Measured 
Maximum 
Oven Dry 
Density 
Predicted 
Maximum 
Saturated 
Density 
Measured 
Maximum 
Saturated 
Density 
Predicted 
Minimum 
Oven Dry 
Density 
Measured 
0.2 1.97 1.97 1.83 1.82 1.55 
0.4 2.19 2.26 2.04 2.06 1.70 
0.5 2.16 2.35 2.08 2.18 1.78 
0.6 2.16 2.25 2.22 2.23 1.74 
0.8 2.13 2.11 2.19 2.19 1.68 
Figure 3.5 presents these data and the minimum dry densi­
ty due to bulking in graphical form. For the compaction 
conditions and materials used in this study, the 0.5 gradation 
produced the highest maximum density. This is consistent with 
the work done by many of those cited in chapter two who have 
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Figure 3.5 Dependence of maximum/minimum densities on gradation 
exponent 
shown that a square root relationship (exponent, n, of 0.5) 
between successive particle sizes does indeed produce an 
optimum packing arrangement. What is perhaps more significant 
is that the maximum packing density is so much lower for the 
material with the highest silt content (-#200 mesh, 0.2 expo­
nent) and varies less than those gradations with higher expo­
nents. Also, maximum index density occurs at the oven dry 
state for gradations with exponents less than 0.6 and at full 
saturation for gradations with exponents greater than 0.6. 
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3.5.2 Bulking 
All of the gradations exhibited some degree of bulking, 
or reduction in dry density due to the presence of capillary 
moisture forces which oppose compaction. This is illustrated 
in Figure 3.5 in which it is seen that the minimum dry densi­
ties due to bulking are only slightly higher than the minimum 
index density attained by ASTM D-4254. Examination of Figure 
3.5 also indicates that increasing gradation exponents above 
n = 0.5 show a decrease in the magnitude of density reduction 
due to bulking. 
The percentage difference in maximum and minimum index 
densities for these five gradations fall in a fairly narrow 
range (20 to 25%). This is consistent with results reported 
by Terzaghi and Peck (1948) for a wide variety of soils, 
sands, and gravels. 
To examine the possible effect of top size on these 
relationships, maximum and minimum index density tests in an 
oven dry state were conducted on three nearly monosized sands: 
4x8, 8x16, and 30x50 mesh (U.S. Standard Series). All three 
exhibited the same maximum and minimum index densities: 1.70 
g/cc and 1.44 g/cc. This suggests that top size is not a 
factor in the moisture-density-gradation relationship and 
reaffirms the assertion that gradation curvature (as con­
trolled by gradation exponent in this case) is the important, 
independent variable. These results also imply that the dry 
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density-gradation exponent relationships for maximum and 
minimum index density in Figure 3.5 have limiting values at 
very high gradation exponents equal to those of the three 
uniform sands. Thus, the more nearly monosized the gradation, 
the closer the maximum and minimum index density should ap­
proach 1.70 g/cc and 1.44 g/cc respectively. 
3.6 Conclusions 
The moisture-density relationships of particulate mate­
rials ranging in size from 0.002 mm to 4.75 mm obtained ac­
cording to ASTM D-4253 are highly dependent on the particle 
size distribution of the material. Increasing the fineness of 
the gradation causes a substantial reduction in the maximum 
dry density. This is in agreement with the work cited in 
chapter two which found that very fine materials exhibit low 
density due to the high specific surface of the material. 
Lower proportions of fine sizes in the distribution minimizes 
the bulking effect at intermediate moisture contents. Howev­
er, bulking can still reduce dry density to below thirty 
percent relative density. Slight amounts of moisture cause 
drastic reductions in relative density but 70% relative densi­
ty is achievable at saturation levels greater than 60 - 70% 
depending on gradation. Bulking also appears to be a function 
of the gradation exponent, with lesser differences between 
maximum index density and minimum bulking density occurring as 
the gradation approaches a uniform size. 
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4. MOISTURE-PRESSURE RELATIONS IN SAND: 
EXPERIMENTAL RESULTS 
4.1 Introduction 
The objective of this phase of the study was to investi­
gate the moisture content-pressure deficiency relationship 
(moisture characteristic curve) for the five gradations of 
sand presented in the previous chapter. 
4.1.1 Background 
Soils and other particulate materials consist of both 
solid and void space. Just as the solid fraction is composed 
of discrete particles of varying sizes and shapes, the void 
fraction is made up of various sizes and shapes of pores. So 
far, emphasis has been placed on the distribution and arrange­
ment of the solid particles which is the conventional soils 
engineering approach; however, as Badger (1972) observed, much 
of soil engineering practice is founded on methods to manage 
and manipulate the soil voids and void fillers in order to 
control soil behavior. Therefore, in order to fully examine a 
particulate system, special attention must be given to the 
"holes" in the system. This can be difficult for when "look­
ing into a hole, it is almost impossible not to look at the 
sides and bottom of the hole instead of the vacant space" 
(Badger, 1972, p. 2). The following three chapters emphasize 
the distribution of the void space and the pressure trans­
mission characteristics of the fluid phase in the void space. 
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When liquid makes up part of the pore volume, the attrac­
tive forces between the solids and liquid and the surface 
tension effects at the gas-liquid interface produce pressures 
in the liquid phase that are less than atmospheric pressure. 
This phenomena is referred to as moisture tension, negative 
pore pressure, soil suction, matric potential, or capillary 
potential. The use of energy relationships by Buckingham 
(1907), Gardner (1920), Haines (1930), Edelfson and Anderson 
(1943) and others has gradually supplanted the earlier capil­
lary tube concept. In terms of potential energy, matric 
potential is defined as "the energy per unit volume of water 
required to transfer an infinitesimal quantity of water from a 
reference pool of soil water at the elevation of the soil to 
the point of interest in the soil at reference air pressure" 
(Jury et al., 1991, p. 51). 
The older capillary tube model of soil water interaction 
(Briggs, 1897) does not conflict with the energy concept 
however. The hypothesis is that soil water exists as continu­
ous films around the soil particles and that the forces aris­
ing from this curvature provide the primary cause of moisture 
retention. This then is dependent on the number and size of 
the capillary tubes in the system (Jury et al., 1991). As the 
name implies, this model presupposes that the void space in a 
soil body can be thought of as a bundle of interwoven, contin­
uous capillary tubes; each capable of producing pressures in­
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versely related to the pore diameter according to the capil­
lary rise equation; 
p - - 4TCOS» (4.1, 
Where P is the pressure (Pa), T is the surface tension of 
water in contact with air (0.073 N/m at 18°C) , S is the wet­
ting angle of water on the solids (assumed to be 0° during 
drainage), and d is the equivalent pore diameter (m). 
Carman (1941) provides the following argument for de­
scribing the irregular pore structure of a sand bed as a 
bundle of interwoven capillary tubes. Any very thin cross 
section of a randomly packed bed should have the same volumet­
ric porosity as the whole bed. As the thickness of the cross 
section approaches zero, the volumetric porosity becomes equal 
to the ratio of the void to total areas. Thus, the areal 
porosity may be used to represent the sum of the cross sec­
tional areas of a bundle of capillary channels. The route of 
any single channel is tortuous and its cross section is not 
constant, yet the average area is constant. Individual chan­
nels in a random bed do expand and contract, but all void 
channels in a sand bed are so interconnected that no single 
channel can be treated as an isolated entity. 
Further, assuming that the pore liquid completely wets 
the walls of the pores and that the cross section of the 
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capillary is small enough that the effect of gravitational 
force on the curvature of the menisci can be neglected com­
pared to the surface tension force, a circular capillary of 
diameter, d, would have a hemispherical meniscus. Therefore, 
the pressure differential across the meniscus could be pre­
dicted by the capillary rise equation. At equilibrium, the 
matric potential or pressure differential is therefore a 
function of the largest pore size filled with liquid. Thus, 
exploration of the moisture characteristic relationship can 
yield significant insights into the interaction of the pore 
and solid fractions in partially saturated, particulate 
systems. 
4.2 The moisture characteristic curve 
The moisture characteristic curve describes the relation­
ship between the potential or pressure of the moisture in a 
particulate system and the amount of liquid in the system. 
Figure 4.1 shows a generalized moisture characteristic curve. 
Typically, the potential or pressure is plotted on the ordi­
nate in either arithmetic or logarithmic form and the moisture 
level is plotted on the abscissa in arithmetic scale. The 
moisture level can be expressed as gravimetric or volumetric 
moisture content, fraction of the pore volume filled with 
liquid (volumetric saturation), or relative fraction of the 
pore volume filled with liquid (ratio of the filled pore 
volume to the pore volume which can be drained). 
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Potential, head, 
pressure, 
suction, etc. 
Drainage 
Imbibition 
A B C D 
Volumetric / gravimetric 
moisture content / saturation 
Figure 4.1 Schematic of a general moisture characteristic curve 
Drainage of a fully saturated system initially at atmo­
spheric pressure (Figure 4.1, point D) causes a rapid decrease 
in potential with very little change in the volume of liquid 
held in the pores. As the gas-liquid pressure difference 
increases, the meniscus at the exterior of the sample is 
pulled inward until the gas phase makes a general, wide spread 
breakthrough into the pore structure of the system. The gas 
entry or bubbling pressure associated with this breakthrough 
(E) is generally seen to occur at saturation levels (ratio of 
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liquid to pore volume) of approximately 90 to 100% in fine 
grained materials (Pietsch, 1984). This lower flex point in 
the moisture characteristic curve marks the transition from a 
fully saturated (capillary) to partially saturated (funicular) 
state (Versluys, 1917; Newitt and Conway-Jones, 1958). The 
potential at this point is also strongly related to the shear 
strength of partially saturated granular materials which have 
undergone drainage as is discussed in chapter seven. 
As drainage continues, the moisture characteristic curve 
assumes a new, nearly linear, trend until it reaches the 
funicular-pendular transition (B) or the upper flex point of 
the moisture characteristic curve. The pendular moisture 
range is defined as the lower range of moisture contents in 
which the moisture exists as rings at the particle contact 
points and as adsorbed films on the surfaces of the particles. 
As such, the liquid phase is no longer continuous throughout 
the pore structure as it is in the funicular range. The 
pendular state, as defined here, is equivalent to the capil­
lary state in Briggs' (1897) classification system for soil 
moisture, in which the nomenclature indicates the primary 
forces which act on the liquid phase. Thus, pendular moisture 
is subject primarily to capillary forces of attraction, while 
funicular or gravity water is primarily affected by gravita­
tional forces, and therefore, can be drained by low tension 
heads. This interpretation of the upper flex point is sup­
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ported by the writings of Haines (1930), Baver (1956), Newitt 
and Conway-Jones (1958), Rumpf (1962), and Schubert (1984). 
The slope and range of saturation levels covered by the mois­
ture characteristic curve in the funicular range is indicative 
of the volume and size range of pores which are easily drain-
able. Very horizontal curves indicate nearly monosized pores 
in this range; conversely, a steep slope between the flex 
points indicates a wide range of pore sizes in the funicular 
range. The range of saturation levels which this portion of 
the curve covers is indicative of the number or volume of 
pores in the funicular range and also the expected natural 
range of moisture contents under field conditions. Livneh et 
al. (1970) and Russel and Mickle (1971) have also shown that 
the moisture contents at the upper and lower flex points 
correlate reasonably well with the plastic and liquid 
Atterberg limits. 
Finally, the drainage curve becomes asymptotic at a point 
referred to as the residual moisture content or residual 
saturation level (Figure 4.1, point A). The moisture content 
at which this occurs is dependent on the particle and pore 
size distributions, state of packing, and surface charge of 
the particles and is therefore variable from material to 
material (Richards, 1928; Richards and Weaver, 1944; Salter 
and Williams, 1965) as is the entire moisture characteristic 
curve. Baver (1956) presents data for a number of sands and 
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soils that show that the residual saturation level can occur 
from five to 45% saturation. Materials with higher propor­
tions of fine particles (particularly clays and colloids) and 
therefore higher fractions of fine pores exhibit high residual 
saturation levels. Table 4.1 presents some data for a range 
of natural soils and one controlled sand fraction. In gener­
al, increasing clay content causes increased air entry pres­
sures, although this is also dependent on the density of the 
soil. As the soil becomes coarser textured, or less dense, 
these values decrease. The saturated (0^) and residual (6^) 
volumetric moisture contents (ratio of volume of water to 
total soil volume) are also given. 
Table 4.1 Typical soil moisture parameters 
Soil Pe' Reference 
40x60 mesh 
Quartz sand 
0.36 14 0.05 Baver, 1956 
Ramona sand 0.42 30 NA^ Richards and Weaver, 1944 
Guelph loam 0.52 55 0.32 van Genuchten, 1980 
Indio loam 0.24 70 NA Richards and Weaver, 1944 
Touchet silt 
loam 
0.47 150 0.19 van Genuchten, 1980 
Hanford fine 
silty loam 
0.29 150 NA Richards and Weaver, 1944 
Silt loam 
G.E.3 
0.39 160 0.05 van Genuchten, 1980 
Fresno loam 0.56 300 NA Richards and Weaver, 1944 
^ cm^/cm' 
^ cm HgO 
' Not Available 
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During imbibition of liquid, varying amounts of hystere­
sis occur due to contact angle hysteresis, differences in pore 
neck and body sizes, and the presence of gas entrapped in pore 
bodies. The potential of the liquid phase at a given level of 
saturation is less than that for the drainage case. As a 
result of entrapped gas in some pore bodies, the full pore 
volume is not saturated at the end of imbibition (Figure 4.1, 
point C). 
This general description of the moisture characteristic 
curve does not address the effects of changes in density due 
either to naturally occurring shrinkage or swelling or to 
physical manipulation whether engineered or incidental. Baver 
(1956) presents an analysis of the effect of compaction on the 
shape of the moisture characteristic curve for a range of 
soils from sands to clays. In each case, an increase in the 
dry density of the soil resulted in lowering the saturated 
volumetric moisture content (equal to the gross porosity), 
increasing the residual moisture content, and increasing the 
pressure deficiency at both the upper and lower flex points. 
The explanation given was that compaction decreased both the 
size and volume of the largest pores (larger than 10 microns 
equivalent diameter) and increased the uniformity of the pore 
sizes. This has also been documented using mercury intrusion 
porosimetry by Badger and Lohnes (1973) for compacted western 
Iowa loess and Thompson et al. (1985) and McBride et al. 
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(1987) for B horizon samples of three common Iowa parent 
materials: till, loess, and paleosol. 
Conversely, Tuncer (1976), Tuncer et al. (1977), McBride 
et al. (1987) and Kaspar (1988) have shown that volume change 
due to desiccation primarily affects the 0.1 to 10.0 micron 
diameter pores. This happens because the larger pores are 
subject to very low tensions which are not able to break down 
the large pore structure and the smaller pores possess greater 
structural stability (Tuncer et al., 1977). This produces 
higher percentage volumes of both smaller and larger diameter 
pores. 
Based on these studies, it is concluded that the total 
reduction in pore volume would cause a decrease in the satu­
rated volumetric moisture content and the increase in small 
pore volume would increase the residual moisture content. 
However, the relative increase in large pore volume would 
lower the pressure deficiency at the air entry point, raise 
the pressure at the upper flex point and cause more nonunifor-
mity of the pore size distribution. A schematic of this 
hypothesis on the effects of compaction and desiccation on the 
moisture characteristic curve is given in Figure 4.2. 
4.3 Measurement techniques 
Since the moisture in the pore phase of a particulate 
system can exist over a wide range of pressure deficiencies 
(commonly between 0 and -300 kPa through the funicular range 
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•After Compaction 
Reference 
State — 
After Desiccation 
Saturation 
Figure 4.2 Schematic of the effect of compaction or desiccation 
on a moisture characteristic curve 
and exceeding -1500 kPa in the pendular range), no one tech­
nique is suitable to measure the entire range of pressures 
associated with any one material. 
In the 0 to -100 cm (0 to -10 kPa) range, a hanging water 
column (Figure 4.3) consisting of a saturated, highly perme­
able ceramic plate connected to a water column with its end 
open to the atmosphere can be used to produce equilibrium 
between the moisture in the sample and the tension induced by 
the difference in sample and outlet elevations. Different 
55 
Glass Funnel 
Sample 
Ceramic Plate 
Water Column 
Glass Observation Tube 
Ring Stand 
Figure 4.3 Schematic of a hanging water column 
pressure deficiencies are produced by changing the elevation 
of the sample above the outlet datum. The observation tube at 
the outlet is used to gauge when flow between the column and 
sample has ceased and equilibrium has been attained. 
A tensiometer (Figure 4.4) uses essentially the same 
principle as the hanging water column except that by using a 
mercury manometer the range of measurable potentials is 
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n-
1) Glass Funnel 
2) Sample 
3) Ceramic Plate 
4) Three Way Valve 
5) Hanging Water Column 
6) Mercury Trap 
7) Mercury Manometer 
8) Scale 
Figure 4.4 Schematic of mercury.tensiometer 
increased to -800 cm (-80 kPa). Different potentials are 
generated by allowing different amounts of moisture to evapo­
rate from the sample. Equilibrium is gauged by the cessation 
of mercury movement. 
Ranging further (-300 to -1500 cm; -30 to -150 kPa), such 
apparatus as pressure plates and pressure membranes are appli­
cable. In this study, a variation on the pressure plate 
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1) Pressure Gage 
2) Access Port 
3) Plexiglass Top Plate 
4) Rubber Gasket 
5) Plexiglass Pressure Cell 
6) Nylon Filter Membrane 
7) Drainage Port 
8) Plexiglass Drainage Base 
i  !  n n M  • 1 M  • 1 I I  
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Figure 4.5 Schematic of a pressure plate cell 
(Figure 4.5) was used for potentials less than -500 cm (50 
kPa). This consisted of a plexiglass base which provided the 
drainage ports, a fine pore sized nylon filter membrane which 
served as the pressure plate, a plexiglass pressure chamber, 
and a top plate fitted with access ports for pressure measure­
ment and application. Different potentials were attained by 
applying compressed air at different pressures to different 
samples inside the pressure chamber. Equilibrium was gauged 
by connecting the drainage port to a burette and observing the 
level of effluent from the sample. Additional techniques such 
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as psychrometry and vapor equilibrium can produce equilibrium 
potentials at much lower potentials (higher suction levels). 
These methods were not used in this study since most of the 
moisture in the sands was at high potentials. 
4.4 Experimental procedure 
As noted in section 4.3, the experimental measurements of 
the moisture tension relationship were made with three differ­
ent apparatus. The materials used in this study were previ­
ously described in section 3.2. 
4.4.1 Sample preparation 
Samples were prepared by mixing equal volumes of solid 
particles and distilled water. The mixture was kneaded re­
peatedly to minimize the amount of air bubbles in the slurry. 
This produced a nearly saturated slurry with a void ratio of 
approximately one. At this void ratio, the slurry could be 
easily handled and placed in the moisture retention measure­
ment apparatus without undergoing any segregation of particle 
sizes. After assembling the apparatus and lightly wetting the 
ceramic plate or nylon filter, the mold was filled with slurry 
to a height of approximately 2.5 centimeters. 
4.4.2 Pressure measurement 
Samples in the hanging water column and pressure plate 
apparatus were desorbed under the preset pressure deficiency. 
Consolidation of the sample took place under that desorption 
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pressure by drainage alone. Samples in the tensiometer were 
initially desorbed with a 50 centimeter hanging water column 
before switching the valve and connecting the sample to the 
mercury manometer (see Figure 4.4). Further reduction in the 
moisture content was accomplished by evaporation. When the 
tensiometer response approached the desired potential, the 
sample was covered to impede further evaporation. The sample 
was kept in this condition until the change in tensiometer 
response dropped to less than one millimeter over a six hour 
period. This was taken to be equilibrium and the sample was 
removed, measured, and weighed prior to being oven dried to 
determine the moisture content. 
Equilibrium in the pressure plate apparatus was monitored 
by observing the level of effluent in a burette connected to 
the drainage port. Final potential was calculated as the 
applied air pressure minus the back pressure from the column 
of water in the burette. Equilibrium in the hanging water 
column was monitored by gauging when the water-air meniscus in 
the glass capillary tube ceased to move. 
4.4.3 Density and moisture content measurements 
After the equilibrium pressure was recorded, each sample 
was weighed and measured in the mold to determine total sample 
mass, height and diameter. Cell diameters (nominal 7.50 cm) 
were measured directly with a vernier micrometer. Sample 
heights (generally 2.0 - 2.5 cm) were calculated as the dif­
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ference between the total cell height and the average of three 
measurements from cell top to sample top as measured with the 
vernier micrometer. These measurements were used to calculate 
the total (bulk) density of the sample (total mass divided by 
total volume). The moisture contents of each sample were mea­
sured and calculated according to ASTM D-2216. The dry densi­
ty (dry mass divided by total volume) was then calculated from 
the bulk density and gravimetric moisture content. 
The mean dry densities obtained purely by drainage in the 
pressure cells (Table 4.2) are similar at about 2 g/cc except 
for those of the n = 0.2 gradation which has a density of 1.81 
g/cc. The relative densities of the five materials are in the 
dense range (Table 3.2) for all except the 0.5 exponent grada­
tion which classifies as medium density. The n = 0.5 grada­
tion also had the greatest difference between maximum index 
density (oven dry) and saturated dry density (cf. Table 3.4). 
Densities achieved by drainage and the maximum saturated 
densities attained by the ASTM D-4253 wet method are similar. 
This suggests that drainage of laterally confined, saturated 
materials can be an effective method of compaction for well 
graded sands. In fact, the Naval Facilities Engineering 
Command Design Manual (NAVFAC DM-7.3, 1983) states that rela­
tive densities from 70 to 75% are satisfactory to preclude 
significant settlements beneath vibratory equipment. The 
NAVFAC design manual goes on to recommend that injection 
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Table 4.2 Relative density of moisture retention samples 
Gradation 
Exponent 
Mean Dry 
Density 
(g/cc) 
Relative 
Density 
ASTM 
D-4254 
Maximum 
Saturated 
Density 
(g/cc) 
Relative 
Difference 
(Mean and 
Saturated) 
0.2 1.81 68% 1.82 0.3% 
0.4 2.05 70% 2.04 0.6% 
0.5 2.04 52% 2.08 1.9% 
0.6 2.08 72% 2.22 6.4% 
0.8 2.02 65% 2.19 7.6% 
pumping coupled with deeper drainage wells which cause down­
ward seepage forces can be an effective means of consolidating 
loose sand deposits. 
However, the percentage difference between the drained 
and vibrated saturated densities increases significantly as 
the material becomes more poorly graded. This indicates that 
poorly graded materials may require application of shear 
forces in order to achieve high density. This is attributed 
to the generally higher frictional resistance between large 
particles which would be more pronounced in uniformly graded 
materials. 
4.4.4 Measurement precision and accuracy 
The precision of the equilibrium matric potential mea­
surements in this study vary according to the apparatus. In 
the hanging water column, the equilibrium potential is mea­
sured directly as the difference in height of the sample and 
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column outlet. The precision is therefore a function of the 
precision of the height measurement. This is also the case in 
the tensiometer in which the moisture tension is balanced by 
the height differential of the mercury column. In this study, 
measurements in the hanging water column and tensiometer were 
made with a meter stick graduated in millimeters. This corre­
sponds to a precision of ± 1 millimeter of potential ("0.01 
kPa) in the hanging water column and approximately ± 14 milli­
meters ('0.14 kPa) in the tensiometer. The differences in the 
two lie in the specific gravity of the mercury in the tensiom­
eter. 
In the pressure plate apparatus, pressures were measured 
with a calibrated, Bourdon tube gauge, graduated in 2 psi 
increments. Measurements can be reliably estimated to the 0.2 
psi level which provides a precision of ± 140 millimeters (1.4 
kPa) in the reported tensions. 
The main difficulty and source of experimental error in 
all of these measurements lies in determining when equilibrium 
is obtained. With the apparatus used in this study, allowing 
additional time before taking measurements, which increased 
the surety of attaining equilibrium, also increased the chanc­
es of mechanical difficulties with the experimental apparatus. 
After several mechanical failures (leaks and gas bubbles in 
the system), the rate of mercury column movement (tensiome­
ter) , discharged volume of liquid (pressure plate), or air-
63 
water meniscus movement in the capillary observation tube 
(hanging water column) was used to signal impending 
equilibrium. 
Although the range of measurement precision reported here 
is very narrow, the accuracy of the measurements can not be 
directly assessed. Indirectly, the accuracy is a function of 
the care taken to insure that measurements were actually taken 
after equilibrium had been achieved. This was very closely 
monitored during the course of this study. 
4.5 Curve fitting technique and results 
Due to the scatter in the experimental results, nonlin­
ear, least squares regression was used to fit curves to the 
data. A sigmoidal curve, proposed by van Genuchten (1980), 
was used. The nonlinear, least squares regression technique, 
described in section 3.3.5 was used to generate the parameters 
for the equation. In this case, van Genuchten's equation was 
specified as the user defined function: 
6 - 6 
0 + 0 (4.2) 
(1 + 
in which 6 is the volumetric moisture content, 6^ and 0^ are 
the saturated and residual volumetric moisture contents and a, 
n, and m are empirical curve fitting parameters. Since the 
volumetric moisture content can also be stated in terms of 
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gravimetric moisture content, UJ, or saturation level: 
van Genuchten's equation can also be stated as: 
(0 - —^-2 ^— + 0) (4.4) 
(1 + 
in terms of gravimetric moisture content, or; 
S - -  + 5 (4.5) 
(1 + 
in terms of the saturation level, where the subscripts s and r 
continue to refer to the saturated and residual moisture 
levels. 
Of the five parameters used in this model, the saturated 
volumetric or gravimetric moisture content is easily calculat­
ed from the specific gravity and average density of the sam­
ples. Nonlinear, least squares regression was then used to 
minimize the sum of the squares of the residuals in order to 
produce the other four parameters. 
4.5.1 Analysis of the parameters a, n, and m 
Figures 4.6, 4.7, and 4.8 show the sensitivity of the 
moisture characteristic curve to the three curve fitting 
parameters used in the sigmoidal equation of van Genuchten. 
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Figure 4.6 Sensitivity of van Genuchten's equation to changes 
in the parameter a 
Decreasing values of a increase the potential at any given 
saturation level (Figure 4.6). Increasing values of the 
exponent, n, produce flatter slopes in the funicular moisture 
range (Figure 4.7). 
The exponent, m, also affects the slope of the moisture 
characteristic curve (inversely to parameter n) and the loca­
tion of the upper and lower flex points (Figure 4.8). 
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Figure 4.7 Sensitivity of van Genuchten's equation to changes 
in the parameter n 
4.6 Experimental results and discussion 
The curve fitting technique described in section 4.5 was 
used to fit the data obtained from the experimental study. 
The four curve fitting parameters generated for the van 
Genuchten equation as well as the sum of squares (F) are 
summarized in Table 4.3. These fitted curves were used for 
the analyses presented in this and the following chapter. 
67 
Log Potential (cm water) 
\ 
eg d
 II E y 
a = 0.01 
n = 0.5 
m = 1.0 m = 0.5 
• 
1 
' 
1 
11
/ 
/ 
i 
/ 
% 
i 
"
/
•
 
/-
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/
 
\\\ 
0% 20% 40% 60% 80% 100% 
Saturation 
Figure 4.8 Sensitivity of van Genuchten's equation to changes 
in the parameter m 
Table 4.3 Regression analysis of moisture characteristic data 
Sand 9, a n m F 
o
 
ro
 0.326 0.0737 5.41E-3 3.92 0.417 7.97E-4 
0.4 0.238 0.0728 4.62E-4 1.10 10.0 6.40E—4 
0.5 0.242 0.0480 4.21E-4 0.90 10.0 8.85E-4 
0.6 0.228 0.0453 2.26E-2 1.31 0.687 3.28E-4 
0.8 0.250 0.0432 9.33E-2 7.50 0.087 3.58E-4 
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Figures 4.9 and 4.10 present data and fitted curves for 
the five gradations of sand in units of both matric potential 
(cm HjO) and pressure deficiency (kPa). Figures 4.9, 4.10, 
and Table 4.4 show that gradation has a decided effect on the 
moisture characteristic curve. For the five gradations, an 
increasing gradation exponent yields decreased values of air 
entry and upper flex point pressure which is indicative of a 
larger pore structure. Also, the materials with gradation 
exponents of 0.4, 0.5, and 0.6 have steeper slopes in the 
funicular range indicating a wider range of pore sizes in that 
range than for either the 0.2 or 0.8 gradations. The loga­
rithmic potential scale in Figure 4.10 magnifies the high 
potential (low suction) portion of the moisture retention 
curve allowing closer inspection of this section. The more 
uniform gradations have more indistinct air entry flex points. 
Consideration of this observation in light of Iowa DOT speci­
fications (1984) for drainable sub-base and porous backfill 
materials, which specify coarse gradations with little fines 
(high gradation exponents), indicates that this type of grada­
tion may actually require a slight positive head to become 
fully saturated. Due to the very low suction levels through­
out the upper funicular range, these materials would make very 
good capillary water barriers under pavements. In addition, 
they would provide good drainage layers under the low head 
conditions found in pavement sub-bases. 
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Figure 4.9 Moisture retention data and fitted drainage curves 
for five sand gradations 
Table 4.4 Moisture characteristic data 
Residual Saturated Air Entry Upper Flex 
Sand Gravimetric Gravimetric Pressure Point 
Moisture Moisture Pressure 
Content Content cm HpO(kPa) cm HpO(kPa) 
0.2 4.06% 18.0% 130 (12.8) 840 (82.4) 
0.4 3.55% 11.6% 60 (5.9) 800 (78.4) 
in o
 2.35% 11.8% 39 (3.8) 670 (65.7) 
0.6 2.18% 11.0% 23 (2.3) 253 (24.8) 
0.8 2.13% 12.3% 10 (1.0) 80 (7.8) 
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Figure 4.10 Semi-logarithmic presentation (pF) of moisture 
retention data and fitted drainage curves for five 
sand gradations 
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5. COMPARISON OF PARTICLE AND PORE SIZE DISTRIBUTIONS 
5.1 Introduction 
In the previous chapter, the size of individual pores was 
related to the matric potential based on the capillary rise 
equation (eq. 4.1). Also, the shape of the moisture charac­
teristic curve was shown to be dependent on gradation, densi­
ty, and moisture history. 
This chapter describes the relationship used to calculate 
the pore size distribution from the results of the moisture 
retention tests. The pore size distributions are then shown 
to be related to the curvature of the gradations tested. 
Finally, a conceptual model is developed which allows esti­
mates of pore size distribution to be made for other materials 
under given conditions of gradation, density and history. 
5.2 Calculations of pore size distribution 
The capillary tube model of pore size and the moisture 
retention data were used to generate estimates of pore size 
distribution since these could be readily generated from the 
existing moisture retention data. 
The capillary rise equation (eq.4.1) can be rewritten to 
provide a relationship between capillary tube diameter and 
height of rise (potential) of liquid in the tube. Substitut­
ing values for the constants and simplifying: 
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h {in cm.) - - 2.98 
d(in mm. ) (5.1) 
where the height of rise, h, is measured in centimeters of 
water and the tube, or pore diameter, d, is measured in milli­
meters. Substituting this relationship into equations 4.2, 
4.4, or 4.5 allows transformation of the moisture retention 
relations to cumulative pore size distribution functions. 
Recalling that saturation is the ratio of the volume of water 
in the pores to the total volume of the pores, the saturation 
level then represents the relative volume of water held in the 
pores at a given level of potential. For the drainage condi­
tion, the saturation level represents the relative pore volume 
attributable to pores with equivalent diameters smaller than 
the diameter calculated by equation 5.1. Thus the saturation 
calculated by equations 4.5 and 5.1 becomes the cumulative 
distribution function for the equivalent pore diameter. The 
percentage of the pore volume in a given range, or frequency,, 
is then calculated as the difference in the saturation levels 
calculated for the diameters bounding the range. Pore size 
distributions were calculated for each of the five materials 
with the parameters developed for the fitted moisture charac­
teristic curves presented in chapter 4. This crude model of 
pore structure allows estimates of the pore size distribution 
for comparison with the particle size distributions used. 
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5.2.1 Limitations of the capillary tube model 
The capillary tube model assumes that all pores of a 
given size drain at the same pressure deficiency. For this to 
occur, there could be no constrictions between large pores in 
the interior of the sample and the exterior. It is probable 
that large pores in the interior of the sample are surrounded 
by smaller pores and therefore would not be drained at the 
same pressure which drains large pores at the exterior of the 
sample. These larger pores would actually drain when the 
largest pore to which they are connected was drained. There­
fore, the volume of water held in the sample at a given level 
of pressure includes some water held in pores larger than 
indicated by the capillary rise equation. Pore size distribu­
tions calculated on the basis of drainage curves will there­
fore attribute the volume of large, enclosed pores to the size 
of the largest pore enclosing it. Thus the calculated pore 
size distribution is shifted toward smaller equivalent diame­
ters in comparison to the actual pore size distribution. 
5.3 Discussion of pore size distributions 
Comparison of Figures 3.1 and 5.1 in which the cumulative 
particle and pore size distributions are plotted indicates 
that the slopes of the pore size distributions calculated 
according to equations 4.5 and 5.1 and the curvature of the 
particle size distribution curves are related. The most well 
graded material (n = 0.2) has the most uniform pore size 
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20% n = 0.6 
n = 0.8 
0% 
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0.3 
Figure 5.1 Cumulative pore size distributions according to 
equations 4.5 and 5.1 
distribution. The most poorly graded material (n = 0.8) has 
the highest volume of large pore sizes. All pore size distri­
butions in Figure 5.1 are truncated above 0.298 mm. which 
corresponds to a matric potential of 10 cm. of water because 
no moisture tension measurements were made at potentials 
greater than 10 cm. Those particle gradations which produced 
the highest densities (n = 0.4 and 0.5) have pore size distri­
butions with curvatures nearly identical to their particle 
size distributions. The pore size distribution of the n = 0.6 
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gradation has a flatter slope than its particle size distribu­
tion, tending toward that of the n = 0.8 gradation but without 
as high a volume of large pores. 
The particle size frequency diagrams in Figure 5.2 show 
the increasing coarseness of the gradations with increasing 
exponent value. However, the pore size frequency diagrams in 
Figure 5.3 emphasize the points made in the preceding para­
graph. These frequency diagrams show only the distribution of 
equivalent pore diameters greater than 0.002 mm. The n = 0.2 
gradation, with very evenly distributed particle size frac-
Relative Frequency 
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n — 0.2 
n = 0.4 
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n = 0.5 
n = 0.6 
10% n = 0.8 
5% 
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0.01 0.1 0.3 1 0.03 3 
Particle Diameter, mm 
Figure 5.2 Particle size frequency distribution 
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Figure 5.3 Pore size frequency distributions 
tions, has the finest pore size distribution with a modal 
diameter of 0.013 mm. The two gradations which exhibited the 
highest maximum densities (n = 0.4 and 0.5) have very similar­
ly distributed pore sizes with modal diameters of 0.012 and 
0.018 mm respectively. The n = 0.6 gradation, which has a 
fairly uniform pore size distribution, has a modal pore diame­
ter of 0.055 mm. The n = 0.8 gradation exhibits a distinc­
tively greater concentration of larger pores with a mode 
greater than 0.225 mm. The overlap of the modal diameters for 
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the n - 0.2 and 0.4 gradations is due primarily to the higher 
void ratio of the n = 0.2 gradation. The range of void ratios 
for the other gradations was from 0.30 to 0.33. The n = 0.2 
gradation was tested at a void ratio of 0.48. This serves to 
emphasize the effect of compaction on pore size distribution 
in addition to the effects of gradation. 
Figure 5.3 does not show the frequency distribution of 
pores with equivalent diameters smaller than 0.001 mm because 
of the limited pressures used in the moisture retention exper­
iments. The calculated total percentages of pore volume in 
pores smaller than 0.001 mm are: 
n = 0.2 23% 
n = 0.4 31% 
n = 0.5 20% 
n = 0.6 22% 
n — 0,8 14% 
The relatively large pore volumes in pores with equivalent 
diameters less than 0.002 mm. may be due, in part, to the 
absence of particles finer than 0.002 mm. Apart from these 
volumes, the largest pore volumes occurred in the 0.01 to 0.1 
mm. equivalent diameter range for all except the n = 0.8 
gradation, two orders of magnitude lower than the range of 
largest particle concentration. 
Analysis of the mercury porisimetry data provided by 
Badger and Lohnes (1973) for compacted loess at six different 
densities shows that the largest volume of pores occurred in 
the 0.001 to 0.01 mm. diameter range. This is within one 
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order of magnitude of the maximum particle size (0.01 mm.). 
The loess, however, is a very uniformly graded material (n > 
1.0). This corroborates the observation that the pore size 
distributions of very uniformly graded particulates have a 
large fraction of the pore volume in pores with equivalent 
diameters in the same range as the majority of the particle 
diameters. 
Figure 5.4 presents the relationship between the equiva­
lent pore diameters at the upper and lower flex points of the 
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Figure 5.4 Relationship between equivalent pore diameters at 
the moisture characteristic curve flex points and 
gradation exponents 
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moisture characteristic curves and the gradation exponents. 
The range of equivalent pore diameters in the funicular mois­
ture range increases dramatically as the particle size distri­
bution becomes more uniform. 
The lines shown in Figure 5.4 are from equations of the 
form y = ae*"*, generated by linear regression of the exponen­
tial transform of the data. For the limited data, the "a" 
parameters differ by a factor of ten (lower: 9.7E-3 vs. upper; 
9.9E-4) and the "b" parameters are nearly identical (lower; 
4.2 vs. upper: 4.1). This suggests a strong connection be­
tween the curvature of a particle size distribution curve and 
its pore size distribution. 
Figure 5.5 shows the calculated volumes attributed to the 
capillary, funicular and pendular moisture states. As expect­
ed from the pore size distributions, the n = 0.8 gradation 
could hold the largest percentage of capillary water. Since 
capillary water is the easiest to drain, this substantiates 
drainable sub-base specifications which call for materials 
with steep gradation curves with little or no fines. In all 
cases, the pendular water volume is between 25 and 35% of the 
total pore volume. This narrow range is associated with the 
relatively narrow range of equivalent pore diameters calculat­
ed for the upper flex points and the very similar volumes of 
pores in the minus 0.001 mm. diameter range. 
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Figure 5.5 Fraction of pore volume attributable to the pendu-
lar, funicular, and capillary moisture ranges 
5.4 Conceptual model of pore and particle size distributions 
For particulate materials with gradations which can be 
modeled according to equation 3.1 (generally applicable to 
manufactured or crushed materials), the pore size distribution 
and therefore the moisture characteristic curve have been 
shown to be functions of the density and curvature of the 
gradation. In a dense condition, gradations with exponents 
from 0.4 to 0.6 exhibit widely distributed pore sizes centered 
Pendular 
Funicular 
Capillary 
0.5 0.6 
Gradation Exponent 
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approximately two orders of magnitude smaller than the maximum 
particle size. They therefore exhibit steeper funicular range 
slopes in moisture characteristic curves. Well graded materi­
als exhibit more uniform pore size distributions two to three 
orders of magnitude smaller than the maximum particle size. 
Poorly graded materials exhibit larger pores with monosized 
materials exhibiting uniform pore size distributions in the 
same order of magnitude as the particle size. As relative 
density decreases, pore size distributions shift toward higher 
pore volumes at larger equivalent diameters. 
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6. EQUIVALENT PORE PRESSURES IN PARTIALLY SATURATED SYSTEMS 
6.1 Introduction 
Chapter two introduced the effective stress equation 
first proposed by Terzaghi for saturated soils and the pore 
pressure term, u. For two phase systems (dry or saturated), 
the pore pressure is obviously equal to the gas or liquid 
pressure and in most dry systems the gas pressure is equal to 
atmospheric pressure (zero gauge pressure). However, when 
applying this equation to partially saturated (three phase) 
materials, defining what the actual pore pressure is becomes a 
problem. 
The liquid pressures were previously shown to decrease as 
the level of saturation decreases (chap. 4) and to exhibit 
different rates of change in pressure in different moisture 
regimes. In the capillary moisture state where the voids are 
full or nearly full of fluid, the pressure decreases drasti­
cally with very little change in the moisture content. In the 
funicular range where both the liquid and gas phases are 
continuous throughout the voids, the pressure decreases less 
dramatically as moisture content decreases. Finally, in the 
pendular state, the moisture is no longer continuous and the 
pressures in the remaining fluid decrease extremely rapidly 
with very little change in the moisture content. Since the 
liquid pressures change inversely to liquid distribution and 
continuity, it is appropriate to consider the rationale behind 
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treating the three phases with an equation based on continuum 
mechanics principles. 
6.2 Continuum mechanics approach 
Classical soil mechanics theories and applications are 
based on the concepts of continuum mechanics. Thus, the 
inhomogeneous and discontinuous materials which make up the 
earth's crust are modeled as homogeneous, continuous bodies 
because experience has shown that the predictions of continuum 
mechanics are generally correct. By selecting a large enough 
scale, the inhomogeneities and discontinuities become indis­
tinct and small irregularities are smoothed over. Therefore, 
the use of the effective stress concept assumes that the 
stress state in partially saturated particulate materials can 
also be modeled with continuum mechanics principles. 
The effect of particle size distribution on the number of 
interparticle contacts was introduced in chapter two. It is 
only at these individual grain to grain contact points that 
the solid phase is even remotely continuous. Bishop and Eldin 
(1950) have shown that the actual area of solid contact is 
typically as low as 0.03% of the total cross sectional area. 
The actual contact point effective stresses are therefore 
extremely high and yet the effective or solid phase stresses 
are modeled on a total cross sectional area basis. This 
provides a general, averaged stress parameter for the solid 
phase. 
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In order to reconcile the variations in distribution and 
continuity of the liquid and gas phases with the continuum 
mechanics approach, the effective stress equation for partial­
ly saturated soils (eq. 2.1) treats the pressures in the pore 
fluid(s) as averaged values, acting on the entire cross sec­
tional area. In this form, the equation depends on measure­
ments of both the pore air and water pressures plus knowledge 
of the relationship between saturation level and the value of 
the parameter X. 
The actual fluid and gas phase pressures are then treated 
as what may be termed an "equivalent pore pressure" made up of 
a combination of fluid and gas phase pressures related by a 
proportionality parameter. Thus, the equivalent pore pres­
sure, u*, may be expressed as (Skempton, 1960); 
U *  -  U g  -  X («a - Uy) (6.1) 
In nearly saturated, or capillary moisture systems, the satu­
ration level itself is often used as the proportionality 
factor. However, in three phase systems using saturation 
level as the proportionality factor in equation 2.1 produced 
poor agreement between the results of saturated, consolidated 
undrained (CU) triaxial tests with pore pressure measurements 
and unsaturated, CU tests with both air and liquid pressure 
measurements (Bishop and Eldin, 1950; Aitchison and Donald, 
1956). 
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Further, the concept of an equivalent pore pressure in 
materials with saturation levels in the pendular moisture 
range can not be addressed with proportionality factors. The 
pressures in this moisture region are so low that they can not 
easily be measured with the techniques normally associated 
with triaxial tests. Because of this, the proportionality 
factor, X, is undefined in the pendular moisture range. The 
traditional, geotechnical approach has been to neglect the 
negative pore pressures in this moisture region as inconse­
quential to the stability of naturally occurring soils. 
However, the normal range of moisture contents for many bulk 
solid materials, such as coal, is in the pendular moisture 
range and these materials owe much of their apparent cohesive 
properties to this pendular moisture. 
Because the bonding forces due to pendular moisture can 
contribute significantly to the strength and compressibility 
behavior of some materials it is necessary to have some means 
of estimating an equivalent pore pressure in this moisture 
region if the effective stress concept is to be used. 
6.3 Micromechanical approach 
An alternate method to account for the contribution of 
negative fluid pressures to the strength of partially saturat­
ed materials is to model the individual forces on discrete 
particles and then extrapolate the model from the microscopic 
to macroscopic scale. Rumpf's (1958) model of tensile 
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strength in agglomerates bound by liquid bonds was introduced 
in chapter two and is presented here as an example of the 
micromechanical approach. 
Rumpf (1958) developed a model of the tensile strength of 
agglomerates which accounts for either localized bonding at 
contact points or bonding due to pressures in partly to fully 
saturated voids. From considerations of a randomly packed, 
monosized system of spheres, Rumpf developed equations relat­
ing the strength and size of a single, pendular bond to the 
particle size and porosity. The contributions to the strength 
of the pendular bond arise from both the pressure deficiency 
of the liquid held in the pendular bridge as well as the 
interfacial forces in the liquid-gas membrane. An equation 
for the size of each pendular bridge was generated from the 
assumed geometry, assumptions about the relationship between 
porosity and number of contact points, and the amount of 
moisture in the system. 
A second model accounts for the tensile bonding of fully 
filled voids (capillary moisture state). In this model the 
capillary rise equation (eq. 4.1) is used as the basis to 
develop a relationship between the tensile strength, particle 
size and shape, surface tension, and porosity. The introduc­
tion of a particle size and shape function to represent pore 
diameter is based on the work of Carman (1941); (see also 
section 4.1). 
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These two models are micromechanical in scale, but, to be 
useful in a field dominated by continuum mechanics, the re­
sults must be extrapolated to the larger, macromechanical 
scale. In the pendular model, the statistically random orien­
tation of the contact forces allows the summation of these 
forces across an arbitrary plane to be transformed into a 
stress state on that plane. Also because of the random orien­
tation and arbitrary nature of the chosen plane, this stress 
could be taken as an equivalent, isotropic pore pressure when 
seen on the macroscopic scale. The capillary model is a 
direct stress model and requires no statistical scale up to be 
applicable on the continuum scale. These models, when used 
jointly describe the tensile strength of particulates on a 
total stress basis (section 2.2 and Figure 2.1). 
6.4 Resolution of effective and total stress concepts 
Reexamination of Figure 2.1 and the total stress approach 
to apparent cohesion in light of the effective stress concept 
for unsaturated materials indicates that the total and effec­
tive stress representations of shear strength need not be 
exclusive. The effective stress concept assumes that the 
shear stress intercept of the Mohr envelope is an inherent 
property, not parameter, of the material and that the envelope 
is unique for the material at a given density. Negative pore 
pressures vary with moisture content, but this variation does 
not produce different Mohr envelopes; the variation in pore 
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pressure simply causes variation in the effective normal 
stress. 
The total stress models of tensile strength predict the 
contribution of the void fluid to the cohesive strength of the 
material. Since the predicted tensile strength according to 
these models can be calculated for moisture bonding alone, the 
tensile strength can be equated with the equivalent, negative 
pore pressure for a given material at a specified density and 
moisture content. In this manner the total and effective 
stress models can be reconciled. 
6.4.1 Equality of tensile stress and equivalent pore pressure 
As an example, consider an unsaturated, noncohesive, 
particulate specimen undergoing shear in a triaxial test with 
no applied, confining stress (unconfined test). The material 
possesses no "true" cohesion and would therefore have a Mohr 
envelope which intersects the normal stress axis at zero shear 
stress (Figure 6.1, "effective stress envelope"). The tensile 
strength intercept, a^, is the origin of the "total stress 
envelope". The failure condition Mohr's circle for the total 
stress case is labeled "T". The confining stress for the 
total stress case is zero and the intersection of the Mohr's 
circle and failure envelope occurs at a shear stress of r^. 
If the tensile strength is in fact equal to the equiva­
lent negative pore pressure, u*, the effective confining 
stress according to equation 2.3 is equal to the absolute 
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Total Stress 
Envelope 
Effective Stress 
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Figure 6.1 Total and effective stress representation of 
unconfined compressive strength for noncohesive 
materials 
value of u*. This would then generate the failure Mohr's 
circle labelled "E" which is shifted to the right on the com­
pressive stress axis. However, the intersection of the effec­
tive stress Mohr's circle with the effective stress envelope 
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still occurs at a shear stress of as did the total stress 
representation. Both representations of stress state produce 
the same shear stress at failure and can therefore be equated 
by the effective stress concept. 
This simple analysis is predicated on the assumption that 
the negative pressures in the fluid phase are the same at 
failure as in the initial sample. This is a very simplistic 
assumption and is only valid for materials which undergo no 
volume change during shear. However, for materials which 
undergo either consolidation or dilation during shear, the 
same changes in equivalent pore pressure or tensile strength 
are expected independent of the representation of stress 
state. Therefore, viewing the tensile strength in the total 
stress system as the equivalent pore pressure in an effective 
stress system reconciles the two approaches. Moreover, this 
approach allows the use of tensile strength models to predict 
and explain equivalent pore pressures. 
6.5 Equivalent pore pressure model 
The tensile strength-equivalent pore pressure model used 
in this research is based on the previously cited work of 
Rumpf and Schubert. The full derivation of the model is found 
in Levorson (1991); a summary of the salient points is provid­
ed here. 
The development of the model assumes that the mechanisms 
of stress transfer between solid particles by the pore fluid 
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can be categorized according to the moisture state or region. 
Therefore, the capillary state in which the pores of the 
particulate system are fully or nearly full of fluid is mod­
eled with one equation. The equivalent pore pressure in the 
pendular state is modeled on the basis of an assumed geometry 
in which the moisture is seen as existing as pendular rings at 
the contact points between solid particles. The funicular 
moisture state is not directly modeled because the geometry of 
the liquid-gas-solid structure is too complex. However, the 
funicular state can be envisioned as a transition state be­
tween the pendular and capillary states and can therefore be 
modeled by superimposing systems composed of discrete pendular 
rings and fully saturated capillaries. The equivalent pore 
pressure can then be modeled as pendular rings and fully 
saturated capillaries in direct proportion to the amount of 
fluid in excess of the pendular-funicular transition. 
6.5.1 Capillary state model 
When the void volume is completely filled with fluid, the 
pressure in the fluid is the pore pressure. Capes (1980) and 
Schubert (1984) have shown that for saturation levels above 
90% the equivalent pore pressure can be stated as: 
Uc ' S'P^ (6.2) 
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where is the negative fluid pressure. Restating the capil­
lary rise equation (eg. 4,1) in terms of the hydraulic radius 
(R) of the pores rather than the diameter (Carman, 1948); 
(6.3) 
Further, the hydraulic radius can be stated in terms of 
the volumetric specific surface (S^, the ratio of particle 
surface area to volume) and the void ratio of the system 
(Levorson, 1991); 
Restating volumetric specific surface in terms of a mean 
particle size (x^^) and shape factor ((^g^) , eguation 6.3 be­
comes : 
(«.5) 
For spheres, (the ratio of particle surface area to 
volume) is egual to six. Carman (1941) and Newitt and Conway-
Jones (1958) report that irregularly shaped sand particles 
exhibit surface to volume shape factors of 6.5 to 8. Schubert 
(1984) reports that these values are only valid for materials 
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made up of a narrow range of particle sizes and that may 
vary from 1.9 to 14.5 for wider particle size distributions. 
For materials with 5=0°, the equivalent pore pressure 
in the capillary moisture state becomes: 
e Xgy 
6.5.2 Pendular state model 
In the pendular state, the moisture is assumed to exist 
as pendular bridges between particles at the grain to grain 
contacts. The forces transmitted by the bridges are divided 
into those transmitted by the gas-liquid meniscus and those 
caused by the negative pressure in the fluid. Therefore, 
since the magnitude of the force is dependent on the size of 
the bridge, the volume of each bridge is stated as a function 
of the amount of fluid in the system, the number of contact 
points where bridges could form (dependent on the density of 
the system), the particle size and shape, and the contact 
angle between the solids and fluid. The volume of a single, 
representative bridge is then used to determine the minimum 
cross sectional area and circumference of the bridge and its 
internal and external radii. 
The pressure of the fluid is estimated from the double 
curvature form of the capillary rise equation, which is 
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" i t "  
(6.7) 
for 5 = 0°, where Pp is the pressure in a pendular bridge, and 
r, and r^ are the internal and external radii. This pressure 
is multiplied by the minimum cross sectional area of the 
bridge to obtain the limiting adhesion force due to the nega­
tive pressure. Similarly, the surface tension of the gas-
liquid interface is multiplied by the circumference of the 
bridge to obtain the limiting adhesion force transmitted by 
the boundary. Summing the two force components yields an 
expression for the force transmitted by a singe bridge (A^) : 
(6.8) 
where is a dimensionless function incorporating terms and 
variables developed from the volume, area, circumference, and 
pressure calculations above. 
This adhesion force is a vector terra representative of 
the average, pendular, adhesion force in the system. Due to 
the statistically random orientation of all adhesion vectors 
in the system, the macroscopic stress state can be modeled as 
isotropic. Further, the distribution and orientation of these 
forces on any arbitrary plane can be resolved to yield the 
equivalent pore pressure equation for the pendular state: 
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e X, sv 
(6.9) 
6.5.3 Funicular state model 
Since the equivalent pore pressures in the funicular 
state are modeled as a combination of the pendular and capil­
lary models, the boundary saturation levels must first be 
defined. Haines (1930) calculated the saturation levels at 
which pendular bonds should begin to coalesce and form funicu­
lar bonds in systems composed of monosized spheres. For a 
closely packed system, the saturation level at the pendular-
funicular transition (S^) was 12% and that for a loosely 
packed system was 6%. Baver (1956) presents a number of 
moisture characteristic curves for a wide range of soil grada­
tions which show transition saturation levels between 5 and 
45%. Coarse and uniform soils exhibited low transition satu­
ration levels while finer and more distributed gradations 
exhibited higher transitions. In uniform gradations the 
transition is instantaneous and the moisture characteristic 
curve has a very pronounced flex point. Materials with widely 
distributed particle sizes exhibit broad transition zones with 
high radii of curvature. Figures 4.9 and 4.10 show that the 
transition is very gradual in the materials used in this 
research. As stated previously, the pendular-funicular tran-
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sltlon was taken to occur at the point of maximum curvature in 
the moisture characteristic curve. This point occurs at a 
slightly higher moisture content than the residual moisture 
content. 
Alway and McDole (1917) showed that the residual moisture 
content was between two and three times higher than the hygro­
scopic moisture content for a wide variety of soils and sands. 
They defined hygroscopic moisture content as the dry weight 
basis moisture content of a sample in equilibrium with air at 
a relative humidity of 99%. If we then take the transition 
moisture content to be three times the hygroscopic moisture 
content (a;„), the saturation level at the pendular-funicular 
transition (Sp) becomes; 
It was previously stated that several researchers have 
found that the saturation level at the capillary-funicular 
transition (S^) occurs between 90 and 100%. For this re­
search, the transition used in the model was arbitrarily set 
at 95% on the basis of the experimental moisture retention 
curves in chapter 4. 
The equivalent pore pressure in the funicular range is 
modeled as the sum of prorated pendular and capillary pres­
sures. The equivalent pendular (u*p from eq. 6.9) and capil­
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lary (u*^ from eq. 6.6) pressures are calculated at their 
respective transitions (Sp and S^) and are prorated linearly to 
zero at the other transition. Thus, the individual components 
become: 
If the material has an open, drainable pore structure, 
the equivalent pore pressure would follow the trend shown by 
the dotted line labeled u*p, in Figure 6.2. For materials with 
finer pore size distributions, the equivalent pore pressure 
would follow the trend of the solid line in the funicular 
range which is the sum of the two components. 
6.5.4 Parameters for the equivalent pore pressure model 
In practice this model requires estimates or measurements 
of the specific surface or mean particle size, hygroscopic 
moisture content, surface tension, contact angle, moisture 
content and state of packing of the material (void ratio or 
porosity). All other parameters and intermediate, calculated 
values are derived from these input parameters. 
(6.11) 
(6.12) 
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Figure 6.2 Diagram of the equivalent pore pressure model as a 
function of saturation level 
6.6 Estimates of specific surface mean diameter 
As stated in section 6.5.1, the volumetric specific 
surface can be restated in terms of a mean particle size (x^^) 
and shape factor . Hogg (1978) presents a method for 
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estimating a specific surface based mean particle size by 
integrating the particle size density function times the ratio 
V/sv/Xgv from the smallest size (d) to the top size (D) . For the 
single curvature gradations used in this research, the inte­
gration yields (Hogg, 1978): 
Alternatively, the measured air entry pressures from the 
moisture retention curves can be substituted for u*^ in equa­
tion 6.6 which can then be solved for 
6.6.1 Comparison of mean diameters 
Mean particle diameters were calculated according to 
equation 6.13 for the five gradations. These values were used 
in equation 6.6 to calculate the equivalent pore pressure at 
the funicular-capillary transition (p^) for comparison with 
the measured air entry pressures (p^) of the moisture charac­
teristic curves (cf. Table 4.4). The values of the other 
variables used in this analysis were; saturation (S) = 95%, 
surface tension (T) = 0.073 N/m, shape factor = 6.5, and 
void ratio (e) calculated from the average density of the 
moisture retention samples (cf. Table 4.2). Mean particle 
diameters were also calculated with equation 6.6 and the 
measured air entry pressures. Both diameters, the calculated 
(6.13) 
100 
air entry pressures and the measured air entry pressures are 
presented in Table 6.1. 
Table 6.1 Comparison of predicted and measured values 
Gradation 
*sv 
(eq. 6.13) 
(mm) 
Pc (eqs. 6.6 
& 6.13) 
(kPa) 
Pe 
(Table 4.2) 
(kPa) 
X 
(Pe & eq. 
6.6) 
(mm) 
n = 0.2 0.079 11.7 12.8 0.072 
n = 0.4 0.112 12.9 5.9 0.245 
n = 0.5 0.159 8.9 3.8 0.372 
n = 0.6 0.218 7.1 2.3 0.671 
n = 0.8 0.404 3.4 1.0 1.372 
Other than for the n = 0.2 gradation, there is a two to 
threefold difference between the predicted and measured pres­
sures and particle sizes. Because the model is very sensitive 
to the particle size estimate and those derived from the mea­
sured air entry pressures, p^, provide a way to calibrate the 
model, the values derived from the measured air entry pres­
sures (last column of Table 6.1) are used from here on. 
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7. COMPRESSIVE STRENGTH IN PARTIALLY SATURATED MATERIALS 
7.1 Introduction 
The objective of this phase of the research was to exam­
ine the shear strength of the five gradations as a function of 
the gradation and fluid pressures. Unconfined compressive 
strength tests were performed on compacted samples of each 
material over the full range of saturation levels and these 
measured strengths were compared to strengths predicted on the 
basis of the equivalent pore pressure model. 
7.2 Shear strength as a function of negative pore pressure 
The shear strength of particulate materials can be de­
scribed by the Coulomb equation: 
T - c - o tan<J) (cf. eg. 2.5) 
in which T is the shear stress at failure, c is the cohesion 
or shear strength under zero applied normal stress, a is the 
normal stress on the plane of failure, and tan 0 is the slope 
of the shear stress-normal stress relationship. The angle of 
internal friction is normally designated as <p. 
In terms of total stresses, the equivalent pore pressure 
term developed in the preceding chapter becomes the normal 
stress intercept of the Mohr-Coulomb diagram (cf. Fig. 2.1). 
The equivalent pore pressure is related to the cohesion term 
in Equation 2.5 by 
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c - - U* • cot <|) (7.1) 
This representation of the stress state is often called appar­
ent cohesion since the cohesion produced by the moisture 
tension induced pore pressures is as transient in nature as 
the moisture content of the material. 
The major (e,) and minor (CTJ) principal stresses at fail­
ure for this total stress condition can be related to the 
intrinsic or tensile stress intercept (equivalent pore pres­
sure) by: 
Oi (1 - sin#) - 2u*sin(|) + O3 (1 - sin(t>) (7.2) 
Or for the unconfined compression (f^) case in which the minor 
principal stress (0^) is equal to atmospheric pressure; 
In granular materials the effective stress value of 
cohesion in equation 2.5 is insignificant and is ignored 
hereafter. This reduces equation 2.5 to a one parameter 
relationship between shear strength and normal stress. For 
the case of pore air pressures equal to atmospheric pressure, 
equation 2.5 can be written as: 
T - 0 tan# - ( o - u * ) tancj) (7.4) 
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in terms of effective stresses or total stress and equivalent 
pore pressures. This concept was developed in section 6.4 
(see also Figure 6.1). 
Therefore, the failure stress on either a total stress or 
effective stress basis is a function of the equivalent pore 
pressure of the partially saturated material and its friction 
angle. Assuming that the equivalent pore pressure is the same 
at failure as it is in the initial state, the equivalent pore 
pressure estimated by the model in chapter six can be used to 
estimate the major principal stress at failure if the friction 
angle of the material is known. 
7.2.1 Relationship between friction angle and initial density 
It has been well established that there exists a rela­
tionship between the peak friction angle of sands and gravels 
and the initial density of the material prior to shear 
(Taylor, 1948; Rowe, 1962). The friction angle increases as 
initial density increases. This is illustrated in Figure 7.1 
in which Rowe showed that the friction angle of a medium fine 
sand increased from its lowest value of slightly less than 32° 
in its loosest state to 40° in a dense state. The constant 
volume friction angle, for the loose state (shown as the 
solid square) is the lower bound of friction angle for this 
sand since looser samples will consolidate during shear and 
reach a constant volume condition at high strains. The ulti­
mate shear stress then corresponds to the peak shear stress 
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Figure 7.1 Relationship between initial void ratio and friction 
angle for a medium fine sand (Rowe, 1962) 
condition. Also shown in the figure is the particle to parti­
cle friction angle, <p^, which represents purely sliding fric­
tion without the rolling and interlocking components which are 
present in the lumped parameter, <p. 
This relationship was determined for the n = 0.2 and 
n = 0.8 gradations from direct shear tests on oven dry samples 
(Figure 7.2). These gradations (the finest and coarsest) were 
chosen to represent probable upper and lower bounds for the 
friction angle - void ratio relationship. Samples were tested 
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Figure 7.2 Relationship between initial void ratio and friction 
angle for n = 0.2 and n = 0.8 gradations 
at void ratios from 0.4 to 0.8 and resulted in a range of 
friction angles from 37® to 54°. Assuming that these results 
do provide the upper and lower bounds to the friction angle -
void ratio relationship, and further, assuming that the rela­
tionship varies linearly with gradation exponent, a relation­
ship between friction angle, void ratio, and gradation expo­
nent was generated by linear regression of the data and linear 
interpolation between these bounds (equation 7.5). 
<1) - 77 .8 - 8.8 72 + 29 .3 J3e - 59 .7 e (7.5) 
: 
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This equation was used in equation 7.3 to allow for variation 
of friction angle with void ratio in the strength model. 
7.2.2 Limitations of the model 
In addition to the variability of friction angle which 
can be modeled empirically, an important assumption in the 
failure prediction model is that the pore pressure at failure 
is the same as the initial pore pressure. For this to occur, 
the void ratio at failure would have to be the same as the 
initial void ratio; there could be no net volume change. 
Consolidation and dilation could occur prior to failure, but 
the final volume would have to be the same as the initial. 
Researchers who have measured volume change and pore 
pressures in partially saturated soils during undrained shear 
have shown that the volumetric strains and pore pressures 
during shear are inversely related (Bishop and Blight, 1963). 
That is, consolidation is accompanied by increased pore pres­
sures and dilation by decreased pore pressures. This stems 
from the effect of volume change on the pore structure of the 
material (cf. chapters 4 and 5). 
Bishop and Blight (1963) present the results of several 
undrained triaxial shear tests on partially saturated, com­
pacted soils which indicate that during the initial stages of 
shear loading (less than 5% axial strain) slight consolidation 
is accompanied by an increase (less negative) in pore water 
pressures. The results also indicate that the closer the 
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initial pore water pressure is to atmospheric pressure, the 
greater is the increase for the same amount of consolidation. 
When viewed as a function of the continuity and quantity of 
the pore liquid, greater increases should be expected in 
materials initially at higher saturation levels. Thus, at low 
saturation levels, the change in pore water pressure is not as 
great as at high saturation levels. As dilation begins to 
occur in the failure zone, the pore water pressures decrease 
(become more negative). Bishop and Blight's results show that 
the pore pressure eventually decreases to lower values than 
the initial pressures, but at high axial strains (greater than 
15%). The higher the confining stress, the higher the axial 
strain at which the pore pressures become less than the ini­
tial. Therefore, the use of the constant volume assumption in 
the equivalent pore pressure model is extremely simplistic and 
must be considered a limitation when used to predict failure 
stresses. 
7.3 Comparison of measured and predicted strengths 
Further validation of the equivalent pore pressure model 
was conducted by comparing the results of unconfined compres­
sion tests on remolded samples of the five gradations with 
predictions of strength according to equations 7.3 and 7.5. 
The equivalent pore pressures were modeled by equations 6.6, 
6.9, 6.11, and 6.12. 
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7.3.1 Experimental method 
Variable moisture contents were achieved by mixing in­
creasing amounts of deionized water with samples of the five 
sand-silt mixtures. The moist material was then placed into a 
steel mold (5.2 cm in diameter by 10.8 cm tall) in three equal 
lifts. Each lift was compacted under a static load of 9.75 
kg. This produced vertical stresses of 45 kPa in each lift. 
The surfaces of the two lower lifts were scarified with a 
spatula before placing the next lift in order to provide 
better continuity between lifts. After compaction, each 
specimen was extruded from the mold, weighed, measured and 
placed in a Soiltest, Inc. unconfined compression load frame. 
Failure loading was accomplished by raising the sample against 
a proving ring mounted in the load frame. The samples were 
unjacketed and open to the atmosphere during testing. Failure 
stresses were calculated as the maximum load which the sample 
was able to carry divided by the initial cross sectional area 
of the sample. In addition to failure load, the observations 
of the technician performing the tests were recorded for each 
sample. Observations included the shape of the deformed and 
failed sample, the distribution and apparent condition of 
moisture flow during compaction and loading, the occurrence of 
any cracks or irregularities in the sample before failure, and 
qualitatively, the amount of vertical and lateral strain which 
occurred during loading. 
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The unconflned compressive strength test was chosen 
because it is a relatively easy test to conduct and many tests 
can be conducted in a short period of time. All of the tests 
reported in this chapter were conducted within a three week 
period by one technician. The test does have its limitations 
however. There is no measurement of volume change during 
shear when using unjacketed specimens and at low saturation 
levels in which the apparent cohesion is small, the samples 
are extremely sensitive to handling stresses and collapse 
under their own weight before testing. 
7.3.2 Presentation of results 
Figures 7.3, 7.4, and 7.5 present the experimental data 
for the five gradations and envelopes generated by the previ­
ously described model (labeled model A) and a modified model 
(model B) which is described later. Each strength test is 
shown as an individual data point and the model envelopes are 
shown as lines. Figure 7.5 presents both the data (solid 
circles) and an alternate strength calculation (open circles) 
which is discussed later. The data and the technician's 
observations are tabulated in Appendix c. 
As mentioned previously, the unconfined strengths were 
calculated from the maximum applied load and the initial cross 
sectional area. The saturation levels were calculated from 
the measured moisture contents, mass, volume, and specific 
gravity. The theoretical curves were generated for a constant 
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Figure 7.5 Measured and predicted strengths (n = 0.8) 
void ratio and friction angle condition. The void ratios used 
were the average plus and minus one standard deviation of all 
void ratios for tests on a given gradation. The friction 
angles used were generated by equation 7.5. 
Examination of the maximum strengths obtained indicates 
that gradation does have a dramatic impact on the apparent 
cohesion of granular materials. The n = 0.2 gradation exhib­
ited a maximum unconfined strength of 52.1 kPa; n = 0.4, 24.4 
kPa; n = 0.5, 11.3 kPa; n = 0.6, 6.0 kPa; and n = 0.8, 0.4 
e = 0.50, <f> = 52.6°, model A 
e = 0.50, <p = 52.6°, model B 
e = 0.60,0 = 49.0°, model A 
e = 0.60,0 = 49.0°, model B 
# # #— 
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kPa. In addition, the shape of the strength-saturation rela­
tionship varies with gradation. The n = 0.2 gradation exhib­
its a decided "hump" in the upper funicular and capillary 
range (above 85% saturation). The strengths in the capillary 
range are approximately twice that of the pendular range, 
however, the location of this trend shifts to lower saturation 
levels with increasing gradation exponent. The trend also 
broadens and becomes less distinct for the more uniform grada­
tions. The n = 0.8 gradation samples were unable to retain 
moisture above 50% saturation and therefore no strength tests 
were conducted above that saturation level. 
The second set of data points shown in Figure 7.5 were 
calculated by adding half of the mass of the sample to the 
failure load (to zero in the case of samples which failed 
during handling). The rationale for this stems from the 
definition of failure stress used in plotting Figures 7.3 
through 7.5. In these figures, failure stress was defined as 
the maximum applied load divided by initial cross sectional 
area. This neglects the body forces of the sample itself 
which is the common approach in soils testing. However, as 
previously observed, the samples which failed prior to loading 
did have some cohesion due to the negative pore pressures. By 
adding half of the weight of the sample we assume that this 
weight is also a driving force causing failure. This correc­
tion increases the failure stress by approximately one kilo-
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pascal which is negligible compared to the loads applied to 
the finer materials, but is a substantial contribution for the 
lower strength, high gradation exponent materials. 
The model "A" envelopes (denoted in the figures as solid 
and long-dashed lines) predict a more gradual increase in 
strength than was exhibited by the experiments. Also, model A 
predicts that the pore pressures in the capillary range in­
crease to zero at full saturation, therefore unconfined 
strength decreases to zero. This is true for a saturated 
sample in contact with and at the same elevation as a free 
water surface, but is not true for a saturated sample sur­
rounded by the atmosphere as we have in the experimental work. 
These two observations instigated modifications to the origi­
nal pore pressure model as follows. 
7.3.3 Modifications to model A 
The funicular pore pressure model (section 6.5.3) was 
founded on the assumption that the equivalent pore pressures 
in this range of moisture content could be modeled as propor­
tioned pendular and capillary pressures. Equations 6.11 and 
6.12 were developed to do the proportioning and the results 
were summed. Reexamination of this assumption in light of the 
experimental results indicates that the two mechanisms may act 
independently. Rumpf (1962) and Schubert (1975, 1984) state 
that this is a possibility which may better fit some mate­
rials, however, Schubert (1975) claims that summing the two 
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components yields the best fit for the greatest number of 
materials. It should be noted however, that Schubert bases 
this claim on tests of materials which are much finer than 
those tested here (0.002 mm < x < 0.070 mm). Pietsch (1984), 
in a review of Rumpf's and Schubert's experimental work, shows 
several graphs which corroborate the hypothesis that treating 
the two mechanisms separately produces a better fit for coars­
er materials. 
Therefore, as an alternative (model B), the funicular 
range is modeled as proportioned pendular and capillary bond­
ing according to equations 6.11 and 6.12 without the summation 
used in model A. The envelopes based on this assumption are 
also shown in Figures 7.3 through 7.5 as dotted and short-
dashed lines. This interpretation predicts that the strength 
in the lower funicular range decreases to a minimum before 
increasing in the capillary range. This has been shown to 
occur in crushed coals with fairly uniform (high exponent) 
gradations and maximum particle sizes greater than 2.36 mm 
(Van Weelden and Lohnes, 1991; Levorson and Lohnes, 1993). No 
mechanistic explanation for this observed phenomena or the 
model assumption is presently available. The modeling tech­
nique simply attempts to follow the observed strength 
response. 
To rectify the differences between the capillary range 
predictions of model A and the observed strengths, model B was 
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formulated as a step function at 100% saturation in which the 
equivalent pore pressure is simply fixed at 90% of the calcu­
lated air entry pressure (equation 6.5) for the saturation 
range from 90 to 100%. The value of 90% was chosen on the 
basis of experimental results presented by Schubert (1984) and 
those of this research. As with the funicular range modifica­
tion, this is a purely empirical modification to the original 
pore pressure model. 
7.3.4 Direct comparison of predictions and data 
In addition to the calculated envelopes shown in Figures 
7.3 through 7.5, models A and B were used to predict the 
strength of each test from the measured moisture content and 
void ratio. Comparisons of strengths less than 20 kPa are 
presented in Figure 7.6 a&b. The predicted values are graphed 
on the ordinate and the measured strengths on the abscissa. 
The diagonal line in each graph is the line of perfect agree­
ment between predicted and experimental results. As the 
figures show, both models tend to overpredict the strengths of 
samples with measured strengths less than 6 kPa. In the 6 to 
15 kPa range of measured strengths, both models underpredict 
the strengths, but the trends have much less scatter than at 
lower measured strengths. The funicular range differences in 
models A and B are also clearly pointed out in these figures. 
Model B provides a much tighter trend of predictions, located 
at the lower bound of the model A predictions. 
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There are also nine tests not shown in this figure (eight 
from n = 0.2 and one from n = 0.4) which had measured 
strengths greater than 20 kPa. Model A overestimated three of 
the nine by a factor of two and underestimated the rest by 
variable amounts. Model B overestimated the strengths of all 
tests by up to three times. 
7.4 Discussion 
A possible explanation for the poor agreement in the low 
strength range was partly explained before. The notes taken 
during testing (Appendix C) indicate that the majority of the 
low moisture content tests failed prior to loading, either 
during extrusion or handling. This indicates that the samples 
did indeed have some apparent cohesion, but that the handling 
stresses were great enough to cause failure and therefore the 
failure strength remains unknown. This is a limitation due to 
the choice of testing method. 
Figure 7.7 shows the comparison of the two models and the 
measured strengths for those tests which were conducted on 
samples with saturation levels between 10 and 60%. As stated 
previously, the measured strengths at saturations less than 
10% may be discounted due to the testing method. Also, the 
upper funicular and capillary range strengths showed a high 
degree of variability which is discussed subsequently. Exami­
nation of the two graphs in Figure 7.7 indicates that both 
models do a fair job of prediction in this saturation range. 
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Closer examination points out that model B provides a better 
fit for the higher gradation exponent materials (n = 0.5 and 
0,6 particularly). Model A fits the finer sized gradations 
better than model B. There is more scatter, but model A does 
not consistently underpredict strength for the fine gradations 
as does model B. 
The poor agreement of the experimental data and model 
predictions at high saturation levels can be partly explained 
by the moisture holding capacity of the high gradation expo­
nent materials. Examination of the moisture retention curves 
of Chapter 4 and the volumes attributed to the capillary and 
funicular moisture ranges found in Figure 5.5 indicates that 
the n = 0.6 and n = 0.8 gradations hold water at very low 
tensions in the higher saturation ranges. They also hold a 
greater percentage of water in the capillary moisture range. 
Observations during the experiments indicate that moisture was 
slowly flowing from the samples during application of the 
shear load. This indicates that the initial negative pore 
pressures in the samples were not constant during shear and 
that the pore pressures actually became neutral or positive. 
The assumption of constant pore pressures during shear is 
obviously not a good assumption in the coarser materials. 
This leads to a conclusion that coarse materials may only be 
capable of retaining pendular moisture during shear and neces­
sitates a réévaluation of the pore pressure-strength model. 
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The poor agreement at high saturation levels in the finer 
gradations and the qualitative observations of deformation and 
volume change during testing further indicate that the con­
stant volume assumption used in the prediction is faulty. 
Figure 7.8 presents a summary of the observations of failure 
mode and deformation behavior. At low saturation levels, 
failure occurred at very low strains and in many cases was 
preceded by the formation of vertical cracks at the exterior 
of the sample. These tests are labeled "brittle" in Figure 
7.8. In these tests the constant volume assumption seems to be 
Gradation Exponent 
n = 0.2 
n = 0.4 
n = 0.5 
n = 0.6 
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Figure 7.8 Summary of failure mode observations from unconfined 
strength tests 
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fairly valid. In the mid saturation range the failure mode 
was primarily a single shear plane running diagonally through 
the sample. These failures also occurred at low strains. At 
higher saturation levels, however, loading was accompanied by 
high vertical and lateral strains and the failure mode was 
more ductile. In all gradations, the void ratios at these 
high saturation levels were very low which would suggest that 
the deformation was dilational. This dilation (increasing 
void ratio) would cause the fluid pressures to become more 
negative and the saturation level to decrease. The net effect 
is to increase the equivalent pore pressures (become more 
positive) and therefore decrease the shear strength. Inter­
estingly, the observations of the technician indicate that in 
the n = 0.5, 0.6, and 0.8 gradations moisture was draining 
from the samples which indicates either neutral pore pressures 
or enough dilation of the larger pores so that they are no 
longer able to hold moisture. Conversely, the n = 0.2 and 0.4 
gradations retained all of the pore fluid as they deformed. 
These observations also coincide with the shapes of the mois­
ture retention curves presented in chapter 4. 
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8. DISCUSSION OF EXPERIMENTAL AND MODELING RESULTS 
It has been shown that the density of granular materials 
under both vibratory and static compaction conditions is both 
a function of the initial density of the sample and the resis­
tance to compaction afforded by the fluid phase pressures. 
The magnitude of the compacted density is also affected by the 
gradation of the material. 
During vibration of an externally loaded system, the load 
is also vibrating. This causes the normal stress due to the 
load to pulsate, increasing and decreasing with each cycle. 
For sands to densify, adhesional and fractional bonds must be 
broken to allow movement of the particles and void filling to 
occur. In dry sands the adhesional forces are negligible to 
nonexistent and therefore the fractional resistance, which is 
proportional to the normal stress, also fluctuates with the 
vibratory load. As the normal stress decreases during the 
"up" phase of the cycle, the inertial force of the particles 
becomes greater than the resistance and the particles move and 
fill voids. 
As moisture is added to the system (pendular state) the 
moisture provides adhesional forces which increase the normal 
stresses between particles and thus the frictional resistance 
to movement. The adhesion of a single pendular ring is a one 
dimensional force vector between particles but can be consid­
ered isotropic when viewing a large enough control volume with 
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randomly oriented contact vectors. Thus the vibrational 
energy which causes compaction of a dry system can not cause 
the same amount of compaction in a moist system because the 
frictional resistance to movement is increased. 
In the capillary moisture range, the adhesional component 
of interparticle bonding becomes isotropic rather than one 
dimensional because the pore volumes are nearly, to complete­
ly, filled with fluid. The pressure in the fluid is higher 
(less negative) than in either the pendular or funicular 
ranges but there is more of it. The isotropic nature of the 
pore pressures increases the frictional resistance by increas­
ing the normal stresses and increases the tangential or shear­
ing stresses at the contacts. A further possibility in pore 
systems saturated to greater than 80% is that the pulsating 
load can cause alternating positive and negative pressures in 
the system. If the pressures approach atmospheric or actually 
go positive, this decreases the frictional resistance drasti­
cally by reducing the normal stresses between the particles. 
In essence, this causes cyclic liquefaction of the material. 
In the funicular range, the pores become more and more 
filled with fluid. The finer pores are first saturated; 
increases in moisture content cause filling of larger and 
larger pores. At those points of contact in large pores, the 
pendular analogy of adhesional and frictional resistance 
continues to govern. However, in the saturated, fine pores. 
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the saturated capillary analogy governs on the microscopic 
scale. Thus, increases in density accompanied by increases in 
moisture above the pendular-funicular transition can be ex­
plained by microscopic scale liquefaction of small volumes 
within the sample due to pulsating normal loads which cause 
reduction in the local fluid tension. 
8.1 Shear strength 
The shear strength of partially saturated materials has 
been shown to depend on the density, friction angle and equiv­
alent pore pressure of the material. The friction angle is a 
function of the initial density. The initial density is a 
function the equivalent pore pressures and the gradation. 
Therefore, the strength of remolded, partially saturated 
materials can be said to be primarily a function of the mois­
ture tension which has been shown to depend highly on the 
gradation of the material. 
8.1.1 Empirical model 
Since the primary range of interest in remolded particu­
late materials is the pendular moisture range, an empirical 
fit to the pendular model (eq. 6.9) was performed. It was 
observed that equation 6.9 produced nearly hyperbolic results 
for constant void ratio conditions. The equation was rewrit­
ten in dimensionless form and linear regression of the hyper­
bolic transform produced an equation for the equivalent pendu-
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lar pore pressure in terms of the saturation level: 
• CT 
- ex(0.03 . 0.5 5) 
Where S is the saturation level (equal to wG-e"') , T is the 
surface tension of water, e is the void ratio, and x is the 
mean particle size. Use of this equation with T in newtons 
per meter and x in mm returns u*p in kPa. This equation can be 
used in any of the strength equations presented in the previ­
ous chapter to provide an estimate of the equivalent pore 
pressure in the pendular moisture range. 
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9. APPLICATION TO COAL HANDLING 
9.1 Introduction 
Over 600 tons of coal are burned annually in U.S power 
plants. Historically, individual power plants would contract 
with specific mining operations to buy coal from that one 
source. This allowed the plant to be designed specifically to 
handle that coal. The advent of world wide marketing of coal 
and improvements in transportation have produced a situation 
in which a single plant may burn coals from many different 
sources, each with vastly different mechanical properties. In 
addition, environmental concerns about smokestack emissions 
have prompted eastern utilities to blend low sulfur western 
coals with high sulfur eastern coals or to switch wholly to 
low sulfur coals to meet new "Clean Air" regulations. This 
requires the designs or retrofits for bins, bunkers, convey­
ors, hoppers, chutes and other components of the handling 
system to be capable of dealing with coals with a vast range 
of mechanical behavior. An example of the problems this can 
cause is given by Arnold, et al. (1992). A western utility 
purchased enough deep-mined Utah coal for a 30 day test burn 
after satisfying themselves that the coal met the same perfor­
mance criteria for boiler operations as their usual Powder 
River Basin coal. After 10 days the test burn was abandoned 
because excess fines and moisture caused plugging in the 
plant's bins and feeders. In many cases, problems such as 
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this have resulted in adding redundant systems in order to 
maintain the flow of coal to the boilers which results in 
added capital costs. 
To address these problems, the Electric Power Research 
Institute began funding research in 1987 to develop a predic­
tive model of the behavior of crushed coal in power plant 
handling systems. The ultimate aim of this research is to 
provide coal-fired power plant personnel, coal buyers, ship­
pers, and vendors with a means of indexing or classifying the 
"handleability" of any given coal. This can then be compared 
to facility constraints either for use as an accept/reject 
criterion or as a warning of potential problems. 
9.2 The handleability index 
A handleability index is used to compare the behavior of 
different materials during flow through the handling system. 
The indices which have been developed to date fall into two 
basic categories: material indices and hopper indices. As the 
names suggest, a material index characterizes the flow behav­
ior independent of the handling system and a hopper index 
characterizes the flow behavior in a specified system. Be­
cause a material index is independent of the handling system, 
the index must be compared to an index of limiting points in 
the handling system to provide an estimate of possible han­
dling problems. Hopper indices are often generated by test 
devices with geometric configurations for specific hopper 
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applications. Therefore, a different index must be determined 
for each different handling system. 
The handleability index chosen for this research 
(Bradfield, 1989) is based on the widely used hopper design 
theory of Jenike (1961, 1964). In the calculation for the 
minimum hopper opening needed to promote mass flow in a bin, 
the unconfined strength, f^, of the ensiled material is divid­
ed by the total unit weight, y (producing units of length). 
This ratio is multiplied by factors which are functions of the 
geometry and material properties of the hopper. The ratio of 
fg to Y was chosen as a material handleability index, HI. 
Thus, the design equation itself combines a material index 
with systems constraints and the hopper opening dimension may 
be viewed as a hopper index. 
9.3 Summary of EPRI experimental project 
Measurements of unconfined strength, f^, and bulk density 
were performed on 26 coals with ranks ranging from lignite to 
low volatile bituminous and one anthracite silt. Maximum 
particle size ranged from 2.3 6 mm to 37.5 mm and gradation 
exponents ranged from 0.35 to 0.90 for the 53 different grada­
tions tested. The specific gravities of the materials varied 
between 1.31 and 1.78 with the majority near 1.4. Each coal 
was tested at two to four moisture contents under isotropic 
consolidation stresses of 10, 30, and 50 kPa. This program 
produced a data base containing the results of over 500 tests. 
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The following general and specific conclusions are drawn 
from the experimental data. 
• A single gradation of coal at a specified consolidation 
stress exhibits a maximum unconfined strength at an intermedi­
ate moisture content. For eastern bituminous coals, this 
occurs at 11 ± 3% moisture content (Levorson and Lohnes, 
1993). 
• The handleability index, HI, of a given coal responds in 
nearly the same way to increases in moisture content as uncon­
fined strength. 
• The major variables affecting the strength and handle-
ability of crushed coal are moisture content, gradation, and 
density, 
• At a given moisture content coals with higher maximum 
particle size exhibit lower void ratios. 
• For coals with maximum particle sizes less than 6.3 mm, 
void ratio increases as moisture content increases. 
• For coals with maximum particle sizes greater than 6.3 
mm, void ratio remains constant as moisture content increases. 
• For coals with gradation exponents less than 0.5, void 
ratio increases as moisture content increases. 
• For coals with gradation exponents greater than 0.5, void 
ratios become highly variable as moisture content increases. 
• The maximum HI for a given coal is a function of void 
ratio and therefore, is dependent on gradation, moisture 
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content and consolidation stress. However, the maximum HI for 
a given coal does not always occur at the lowest void ratio 
(densest state). 
• At a given moisture content, HI increases as void ratio, 
maximum particle size, and gradation exponent decrease. 
• For maximum particle sizes less than 6.3 mm, HI increases 
as moisture content increases. 
• For maximum particle sizes greater than 6.3 mm, HI exhib­
its considerable variability as moisture content increases. 
9.4 Handleability classification 
The first attempts to produce a handleability classifica­
tion system which predicts handling problems on the basis of 
the previously mentioned variables (Van Weelden and Lohnes, 
1991; Lohnes and Levorson, 1992) were made by empirically 
grouping the results of the experimental study. In the tenta­
tive classification system which was produced, the handling 
behavior of eastern bituminous coals was classified according 
to the amount of fines (-0.5 mm) and moisture (Figure 9.1). 
In Figure 9.1 the data are grouped according to three ranges 
of HI (less than 0.2 meters, 0.2 m to 0.5 m, and greater than 
0.5 m). These ranges were tentatively recommended to repre­
sent bounds between free flowing, possibly problematic, and 
highly problematic coals. The HI bounds were established on 
the basis of pilot scale hopper test results (Arnold et al., 
1992) but have not yet been validated by plant experience. 
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Figure 9.1 Initial handleability classification (from Lohnes 
and Levorson, 1992) 
The fines and moisture content boundaries were conservatively 
chosen on the basis of the experimental results and represent 
lower bounds to the handleability index. It is possible for 
coals with high fines and moisture contents to exhibit free 
flowing behavior, but the combination increases the probabili­
ty that handling problems would occur. 
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9.4.1 Modifications to the classification system 
Using the simplified, empirical model presented in chap­
ter eight, the handleability index can be stated as a function 
of the moisture content (oj) , specific gravity (G) , void ratio 
(e), particle size (x), surface tension (T), and friction 
angle (0). Of these, the specific gravity and surface tension 
vary within a small range compared to the other variables and 
therefore can be treated as constants. An evaluation of the 
variability of friction angle in coals (Van Weelden, 1991) 
indicates that friction angle may vary from 30 to 55°. Insuf­
ficient data exist to define the relationship between friction 
angle and void ratio for different coal gradations. The value 
of friction angle used in the following analyses is therefore 
held constant at 45°. The other three variables were identi­
fied previously as those most important in describing the 
variability in HI. In this formulation, the handleability 
index (HI) can be written as: 
f X 
HI ' " -
fa) QT 2 sin& 
0.03 + 0.5 1 - sin* 
e l  (9.1) 
Y G (1 + fa)) Y hT 
1 + e 
where is the unit weight of water. This is simplified to; 
HI - w 1 + e 1 sin* 
%Y w 1 + w e (0.03 e + 0.5 fa) G) 1 - sincj) ^ ' 
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Further, the moisture content, void ratio, and friction angle 
functions can be replaced by power function approximations of 
the form ax'' in which a and b are empirical fitting parameters 
and X is the variable. Power function approximations were 
developed for the expected ranges of these variables and were 
inserted into equation 9.2. Rewriting equation 9.2 with T 
equal to 0.073 N/m, G = 1.4, and = 9.81 kN/m'; 
HI" (})2-3 (9.3) 
118338 X (0 . 03 e + 0.7 w) 
A comparison of the predicted value of HI versus the 
measured value for 115 tests on eastern bituminous coals at a 
consolidation stress of 50 kPa over the previously given 
ranges of moisture content and gradation is presented in 
Figure 9.2. In this analysis, the particle size for which 20% 
of the mass of material is finer (dgg) was substituted for the 
mean particle size in equation 9.3 based on empirical observa­
tion of the resulting fit. From this, the mean particle size 
can be expressed in terms of the top size and exponent as: 
X -  D (0.2) " (9^4) 
where x and D are in millimeters as before. 
Regression analysis of the comparison yielded a slope of 
1.113, an intercept of 0.053, and a correlation coefficient of 
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Figure 9.2 Comparison of predicted (eq. 9.3) and experimentally 
determined values of handleability index (HI) 
0.598. Compared to the perfect agreement line (slope = 1.0 
and intercept = 0.0) for 113 degrees of freedom, the regres­
sion slope and intercept are not significantly different at 
the 95% level. 
Assuming this analysis to constitute validation of the 
simplified model, equation 9.3 was used to develop a revised 
handleability classification which accounts for variation in 
top size, gradation exponent, total unit weight, and moisture 
content. As in the previous analysis, the friction angle was 
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held constant at 45°. The resulting classification is pre­
sented in Figures 9.3 and 9.4. Significantly, top size and 
gradation exponent are the major differentiating variables in 
the decision diagram. Moisture content plays only a minor 
differentiating role. 
As the figures illustrate, the finer the top size and the 
more well graded the material, the more difficult it will be 
to handle. Since the top size and curvature of the gradation 
are controllable variables, set by the crusher operation, the 
most basic recommendation which can be made is to maintain 
better control of crushing and sizing operations to minimize 
the production of well graded materials. This in itself will 
promote better handleability. Secondly, since total unit 
weight is very important, especially in finer coals, maintain­
ing moisture contents at levels which promote bulking would 
also promote better handleability. 
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10. CONCLUSIONS 
The following conclusions are drawn from the experimental 
and analytical studies presented in this thesis. 
• The exponent value in the Talbot equation (eg. 2.6) can 
be used as a characterizing number for the mechanical behavior 
of single curvature particle size distributions. 
• Single curvature gradations produce significantly lower 
dry densities (higher void ratios) at exponents less than 0.4 
than more uniformly graded materials under the same compactive 
energy. 
• Granular materials compacted at low moisture contents can 
exhibit relative densities as low as 15%. 
• More uniform gradations exhibit less change in density 
due to bulking than well graded materials. 
• The mechanism of bulking can be explained in terms of the 
effective stresses and negative pore pressures associated with 
different moisture ranges. 
• The mechanical response in these ranges is closely relat­
ed to the moisture characteristic curve of the material. 
• The effect of changes in density and the resulting chang­
es in pore size distribution on the shape of the moisture 
characteristic curve is qualitatively described for both 
compaction and desiccation. 
• For a constant maximum particle size, increasing grada­
tion exponent causes decreased air entry pressure and higher 
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(less negative) fluid pressures in the funicular moisture 
range. It also causes steeper slopes in the funicular range 
of the moisture characteristic curve. This indicates a broad­
er distribution of pore sizes in the funicular range. 
• Increased gradation exponent also causes higher pore 
volumes in the capillary range and lower pore volumes in the 
funicular range. 
• The pore size distribution was shown to increase in mode 
and deviation with increasing gradation exponent. 
• A model for the equivalent pore pressure in unsaturated 
granular media is developed from micromechanical arguments for 
use in effective stress analyses. 
• A rationale for equating total stress analyses, in which 
apparent cohesion is a function of the moisture content, and 
effective stress analyses, in which there is no cohesion, is 
developed. 
• Experimental determination of the strength of granular 
materials due to negative pore pressures shows that the grada­
tion exponent has a significant effect on the magnitude of 
shear strength. 
• The correlation between predicted strengths based on a 
mean particle size obtained from the measured air entry pres­
sure and the measured strengths emphasizes the bond between 
negative pore pressure and shear strength in unsaturated 
materials. This also underscores the value of moisture reten­
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tion testing in geotechnical applications for both predictive 
modeling and qualitative explanation of mechanistic behavior. 
• The equivalent pore pressure model coupled with Coulomb's 
equation is shown to provide reasonable agreement with exper­
imental results in the 10 to 60% saturation range. The poor 
agreement above 60% saturation is explained, in part, by the 
effect of volume changes during shear. 
• As the gradation exponent increases, the unconfined 
strength response in the capillary moisture range is shown to 
be highly variable. It is hypothesized that the negative pore 
pressures at failure should actually be modeled as purely 
pendular in nature for uniformly sized gradations. 
• A simplification of the equivalent pore pressure model is 
presented and applied to the problem of crushed coal handling. 
The algebraic form of this model emphasizes the multivariate 
nature of handling problems. 
• The simplified model provides a means of evaluating the 
sensitivity of the handleability index to changes in the seven 
major variables. Those shown to be most important are the 
gradation parameters, top size and curvature. 
• The resulting classification system for predicting han­
dling problems emphasizes the controlling influence of grada­
tion (both top size and curvature). 
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10.1 Reoommendations for application and further development 
This research has shown that the mechanical behavior of 
unsaturated granular media is highly dependent on the grada­
tion of the material. Even though changes in density can be 
qualitatively predicted on the basis of gradation and moisture 
content, the actual value of density can not yet be predicted 
from gradation. Continued work with gradations which can be 
modeled by mathematical functions may provide a predictive 
model of compacted density based solely on gradation, moisture 
content, and compaction energy. 
The differences that gradation causes in moisture reten­
tion relationships points out the value of these tests as an 
aid in developing design and acceptance criteria for granular 
bases. To make this a practical tool, the moisture tension 
test cell should be designed to serve as a compaction mold as 
well as a pressure cell. This would require a very robust 
pressure plate capable of withstanding either the impact or 
vibratory stresses of compaction. Further, the pressure 
apparatus should be capable of providing accurate pressures in 
the range from zero to two or three atmospheres. With an 
apparatus such as this, a single saturated specimen could be 
equilibrated at successively higher levels of air pressure, 
with either volumetric or gravimetric determination of mois­
ture content at each pressure level. This would produce an 
entire moisture retention curve from a single sample. 
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The poor correlation of the predicted and measured 
strengths in the upper funicular and capillary moisture ranges 
was due, in part, to the constant volume assumption used in 
the model. The equivalent pore pressure model is highly 
sensitive to variations in both void ratio and mean particle 
size. Because the void ratio is present in the calculations 
of both pendular and capillary (and therefore funicular) 
pressures, the void ratio term could be replaced by a consti­
tutive relationship for volume change as a function of strain. 
This would allow more realistic modeling of the changes in 
equivalent pore pressures during loading. 
The handleability classification system presented here is 
based on laboratory investigations and theoretical analysis 
and must be considered a tentative classification. The hand­
leability classes and the limits placed on the decision vari­
ables need to be verified by plant experience. The major 
limitation of this classification system is its dependence on 
estimates of the total unit weight. Therefore, research 
should be devoted to methods of estimating or measuring the in 
situ total unit weight of materials in handling systems for 
both at rest and flow conditions. Direct transmission nuclear 
methods such as those used for determining density and mois­
ture content in soils have been well developed for some time 
and may prove useful in this application as well. 
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APPENDIX A: MOISTURE-DENSITY DATA 
Gradation: D = 4.75 mm, n = 0.2 
Maximum index density = 1.97 g/cc 
Minimum index density = 1.55 g/cc 
Moisture Dry Density Saturation Relative 
Test # Content a/cc Level Densitv 
79 0.00% 1.968 0.00% 100.0% 
44 0.30% 1.927 2.03% 91.8% 
45 0.30% 1.938 2.07% 93.9% 
47 3.11% 1.622 12.70% 21.0% 
48 5.73% 1.618 23.28% 20.0% 
64 8.76% 1.649 37.32% 28.2% 
65 12.35% 1.763 63.12% 56.8% 
66 15.25% 1.859 91.76% 78.2% 
Gradation: D - 4.75 mm 1, n = 0.4 
Maximum index density = 2.26 g/cc 
Minimum index density = 1.70 g/cc 
Moisture Dry Density Saturation Relative 
Test * Content a/cc Level Densitv 
6 0.00% 2.243 0.00% 97.7% 
5 0.00% 2.224 0.00% 95.1% 
11 0.19% 2.225 2.42% 95.2% 
12 0.47% 2.180 5.36% 88.9% 
13 0.92% 2.091 8.63% 75.6% 
14 1.67% 1.878 10.41% 38.4% 
15 2.69% 1.797 14.54% 21.8% 
16 3.70% 1.782 19.54% 18.8% 
18 4.14% 1.796 22.36% 21.5% 
7 5.20% 1.809 28.69% 24.3% • 
8 5.20% 1.797 28.11% 21.7% 
19 5.81% 1.829 33.16% 28.5% 
20 6.84% 1.894 43.69% 41.3% 
21 7.28% 1.993 55.83% 59.3% 
39 7.64% 2.041 64.47% 67.4% 
40 8.20% 2.108 79.65% 78.1% 
9 9.43% 2.132 96.76% 81.8% 
38 9.44% 2.078 86.10% 73.5% 
22 10.09% 2.093 94.96% 75.8% 
23 10.19% 2.084 94.01% 74.3% 
41 10.56% 2.073 95.14% 72.6% 
10 9.84% 2.129 100.00% 81.3% 
24 11.62% 2.051 100.00% 69.0% 
25 12.52% 2.014 100.00% 62.8% 
26 12.41% 2.018 100.00% 63.6% 
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Gradation: D = 4.75 mm, n = 0.5 
Maximum index density = 2.35 g/cc 
Minimum index density = 1.78 g/cc 
Moisture Dry Density Saturation Relative 
Test # Content a/cc Level Densitv 
27 0.37% 2.216 4.68% 80.7% 
28 2.58% 1.865 15.68% 16.9% 
29 5.00% 1.883 31.35% 20.8% 
30 7.05% 2.162 77.55% 72.4% 
31 8.12% 2.209 100.02% 79.6% 
12 8.55% 2.188 100.01% 76.4% 
Gradation: D = 4.75 mm, n = 0.6 
Maximum index density = 2.25 g/cc 
Minimum index density = 1.74 g/cc 
Moisture Dry Density Saturation Relative 
Test # Content a/cc Level Densitv 
80 0.00% 2.165 0.00% 86.6% 
33 0.28% 2.184 3.24% 89.6% 
34 2.70% 1.892 17.21% 35.5% 
35 5.26% 1.990 40.14% 55.3% 
36 7.16% 2.142 74.97% 82.7% 
37 7.31% 2.270 100.00% 100.0% 
Gradation: D = 4.75 mm , n = 0.8 
Maximum index density = 2.19 g/cc 
Minimum index density = 1.68 g/cc 
Moisture Dry Density Saturation Relative 
Test # Content cf/cc Level Densitv 
46 0.11% 2.105 1.04% 86.7% 
49 1.95% 1.971 14.36% 63.4% 
50 3.79% 1.910 24.92% 51.7% 
51 5.87% 1.922 39.46% 54.1% 
56 6.28% 1.974 46.47% 64.0% 
53 7.79% 2.122 78.08% 89.4% 
54 8.40% 2.190 100.00% 100.0% 
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APPENDIX B: MOISTURE RETENTION DATA 
Gradation: D = 4.75 mm, n = 0.2 
Mean dry density = 1.81 g/cc 
Relative density = 68% 
Moisture Potential Apparatus* 
Content cm H.O kPa 
4.46% 1361.5 133.5 P 
4.82% 1028.5 100.8 P 
5.32% 798.7 78.3 P 
5.78% 732.2 71.8 P 
7.55% 459.2 45.0 P 
8.01% 351.5 34.5 P 
12.80% 229.7 22.5 T 
16.43% 135.7 13.3 T 
18.09% 88.0 8.6 H 
17.18% 40.0 3.9 H 
17.24% 40.0 3.9 H 
*Note: P = Pressure Plate, T = Tensiometer, 
H = Hanging Water Column 
Gradation: D = 4.75 mm, n = 0.4 
Mean dry density =2.05 g/cc 
Relative density = 70% 
Moisture Potential Apparatus 
Content cm H,0 kPa 
3.69% 1406.0 137.9 P 
3.90% 1055.0 130.5 P 
4.28% 710.0 69.6 P 
4.77% 463.1 45.4 T 
5.14% 362.2 35.5 T 
6.28% 312.5 30.6 T 
7.47% 227.8 22.3 T 
8.48% 189.9 18.6 T 
9.14% 112.2 11.0 T 
9.43% 77.3 7.6 H 
10.86% 15.8 1.5 H 
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Gradation: D = 4 .75 mm, n = 0.5 
Mean dry density — 2.04 g/cc 
Relative Density = 52% 
Moisture Potential Apparatus 
Content cm H.O kPa 
2.83% 1061.5 104.1 P 
3.68% 590.5 57.9 P 
3.73% 386.6 37.9 P 
5.57% 235.1 23.1 T 
7.73% 112.0 11.0 T 
9.12% 70.6 6.9 H 
9.35% 40.5 4.0 H 
9.94% 40.0 3.9 H 
10.83% 20.0 2.0 H 
Gradation: D = 4. 75 mm. n = 0 .6 
Mean dry density — 2.08 g/cc 
Relative density = 72% 
Moisture Potential Apparatus 
Content cm HmO kPa 
2.47% 1384.5 135.8 P 
2.65% 1019.5 100.0 P 
2.78% 813.6 79.8 p 
3.04% 736.2 72.2 P 
3.23% 472.7 46.4 P 
4.17% 208.9 20.5 T 
5.83% 90.0 8.8 H 
6.27% 65.5 6.4 H 
7.25% 56.0 5.5 H 
8.22% 40.0 3.9 H 
8.16% 30.0 2.9 H 
Gradation: D = 4. 75 mm, n = 0 .8 
Mean dry density — 2. 02 g/cc 
Relative density = 65% 
Moisture Potential Apparatus 
Content cm H.O kPa 
2.50% 945.4 92.7 P 
3.26% 874.2 85.7 P 
3.41% 580.2 56.9 P 
3.35% 421.8 41.4 P 
3.72% 272.3 26.7 T 
4.65% 92.5 9.1 H 
5.13% 83.3 8.2 H 
5.61% 50.0 4.9 H 
8.77% 21.0 2.1 H 
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APPENDIX C; UNCONFINED STRENGTH DATA 
Notation: Ext = Failure during extrusion 
Br = Brittle failure - failure at small strain 
V Cr = Vertical cracks observed prior to failure 
Sh = Well developed shear plane at failure 
Bu = Bulging or barrelling prior to failure; 
large strains vertically and laterally 
H20 = Water draining from sample prior to failure 
Gradation: D = 4.75 mm, n = 0.2 
Unconfined Moisture Dry 
St # Strength Content Density Comments 
kPa % a/cc 
1 0.00 0.62% 1.71 Ext 
2 0.00 0.97% 1.60 Ext 
3 0.00 1.49% 1.66 Ext 
4 2.82 2.16% 1.60 Br 
5 5.65 2.66% 1.53 Br 
6 5.79 3.07% 1.52 Br 
9 8.75 4.38% 1.52 Br 
10 9.21 4.78% 1.48 V Cr, Br 
14 9.46 5.35% 1.49 V Cr, Br 
16 9.47 5.56% 1.50 Br, Sh 
23 9.50 7.86% 1.51 Sh 
24 10.31 8.64% 1.53 V Cr, Br 
25 9.41 8.67% 1.54 V Cr, Sh 
27 10.57 9.84% 1.53 Sh 
28 12.80 9.34% 1.56 V Cr, Bu 
29 11.43 9.65% 1.52 V Cr, Sh 
33 13.31 11.41% 1.58 Sh 
35 11.95 12.09% 1.55 Sh 
36 14.17 12.20% 1.59 Bu, V Cr 
37 13.14 12.64% 1.58 Bu, V Cr 
39 12.63 13.27% 1.60 Bu, V Cr 
40 14.17 13.84% 1.62 Bu, V Cr 
41 12.80 14.20% 1.61 Bu, V Cr 
43 16.56 15.26% 1.67 Bu 
44 31.58 15.73% 1.82 Bu, Sh 
45 45.59 15.20% 1.85 Bu 
46 49.68 15.72% 1.89 Bu 
47 52.08 15.36% 1.87 Bu, Sh 
48 51.05 15.38% 1.90 Bu 
49 39.44 15.37% 1.90 Bu 
50 43.54 14.20% 1.95 Bu 
51 47.64 13.43% 1.98 BU 
52 38.07 13.44% 1.98 Bu 
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Gradation: D = 4.75 mm, n = 0.4 
Unconfined Moisture Dry 
Test # Strength Content Density Comments 
kPa I g/cc 
1 0.00 0.37% 1.94 Ext 
2 0.00 1.05% 1.84 Ext 
3 0.00 1.53% 1.77 Ext 
4 0.50 2.11% 1.71 Br 
5 0.50 2.50% 1.66 Br 
6 7.68 2.93% 1.64 V Cr, B: 
8 5.97 3.23% 1.65 V Cr, B 
9 9.38 3.68% 1.64 V Cr, SI 
11 8.70 4.11% 1.63 V Cr, S] 
12 10.75 4.55% 1.64 V Cr, S] 
13 10.41 4.99% 1.64 V Cr, SI 
14 12.12 5.31% 1.70 V Cr, Bl 
15 10.07 5.73% 1.71 V Cr, Bi 
16 9.04 6.19% 1.68 Bu, V C] 
17 8.70 6.48% 1.70 BU, V C] 
18 7.68 7.23% 1.68 BU, Sh 
19 11.26 7.65% 1.77 Bu, Sh 
20 7.68 7.62% 1.69 Bu 
21 9.73 7.75% 1.75 BU 
22 7.85 8.21% 1.77 Bu 
23 7.85 8.02% 1.73 Bu 
24 7.16 8.53% 1.76 Bu 
25 6.65 9.10% 2.26 Bu, Sh 
26 8.87 10.18% 1.98 BU 
27 15.53 10.42% 2.00 BU, H20 
28 24.41 7.66% 2.23 Bu 
29 13.48 7.15% 2.26 Bu, H20 
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Gradation: D = 4.75 mm, n = 0.5 
Unconfined Moisture Dry 
Test # Strength Content Density Comments 
kPa I q/cc 
1 0.00 0.41% 1.96 Ext 
2 0.00 1.26% 1.80 Ext 
3 0.00 2.20% 1.73 Ext 
4 0.85 3.13% 1.72 Br 
5 0.86 4.11% 1.69 Br 
6 3.92 4.99% 1.73 Br, V Cr 
7 4.43 5.92% 1.73 V Cr, Bu 
9 3.92 6.90% 1.73 Bu, V Cr 
10 3.92 7.65% 1.76 Bu, V Cr 
11 3.58 8.80% 1.80 Bu, Sh 
12 5.97 10.31% 1.94 Bu, Sh 
13 11.26 10.33% 2.00 Bu, H20 
14 8.02 10.50% 2.31 Bu, H20 
15 8.70 6.67% 2.34 Bu, H20 
Gradation: D = 4.75 mm, n = 0.6 
Unconfined Moisture Dry 
Test # Strength Content Density Comments 
kPa I q/cc 
1 0.00 0.17% 1.92 Ext 
2 0.00 1.14% 1.85 Ext 
3 0.00 2.09% 1.76 Ext 
4 0.50 2.93% 1.72 Br 
5 0.50 4.02% 1.71 Br 
6 2.72 4.88% 1.71 Br, Sh 
7 2.55 5.86% 1.76 V Cr, Sh 
8 2.04 6.61% 1.77 V Cr, Bu 
9 2.55 7.90% 1.78 Bu, V Cr 
10 1.87 8.91% 1.82 Bu, Sh 
11 2.90 9.27% 1.91 Bu 
12 5.97 10.60% 1.96 Bu, Sh 
13 5.63 9.84% 1.96 Bu, V Cr 
14 4.60 10.53% 2.00 Bu, H20 
15 5.12 10.73% 2.01 Bu, Sh 
16 0.50 10.04% 2.12 Bu, H20 
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Gradation: D = 4.75 mm, n = 0.8 
Unconfined Moisture Dry 
Test # Strength Content Density Comments 
kPa I g/ce 
1 0.00 0.21% 1.91 Ext 
2 0.00 1.20% 1.82 Ext 
3 0.00 2.20% 1.72 Ext 
4 0.00 2.98% 1.71 Ext 
5 0.00 4.00% 1.70 Sh, Ext 
6 0.00 4.77% 1.70 Sh, Ext 
7 0.39 6.19% 1.72 Sh 
8 0.00 6.98% 1.69 Sh, Ext 
9 0.00 7.77% 1.73 Sh, Ext, H20 
10 0.00 7.78% 1.71 Sh, Ext, H20 
11 0.00 9.12% 1.73 Sh, Ext, H20 
